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I. INTRODUCTION 
The realization that multiple pathways of glucose catab-
ollsm exist in "biological systems varying in complexity from 
that of microorganisms to animal tissues and plants has prompt­
ed studies to determine their relative importance. 
Organisms such as Saccharomyces cerevisiae (68) (Baker's 
yeast) and Lactobacillus easel (25) catabolize glucose via the 
Embden-Meyerhof-Parnas (BMP) pathway in which the glucose 
skeleton is symmetrically cleaved to form two moles of triose 
phosphate. The triose phosphate is converted to pyruvate 
which may function as a substrate in several reactions to 
yield a multitude of end products or may be oxidized via the 
tricarboxylic acid (TGA) cycle to produce energy in the form 
of adenosine triphosphate (ATP). 
The hexose monophosphate (HMP) pathway is found in many 
aerobic microorganisms as the major pathway of glucose catab-
olism or operating in conjunction with another pathway. The 
HMP pathway serves as a source of NADPH, furnishes pentose for 
nucleic acid synthesis, and yields other intermediates such 
as erythrose-^—phosphate for biosynthetic reactions. 
Another pathway predominant in microorganisms is the 
Entner-Doudoroff (ED) pathway found mainly in the genus 
Pseudomonas and in other gram-negative bacteria. Glucose 
catabolism via the ED pathway results In an unsymmetrical 
cleavage of the glucose skeleton to yield pyruvate and D-
glyceraldehyde-3-phosphate. The ED pathway has not been found 
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in plants or in animal tissues. 
All three pathways have not been found operative in any 
one organism; therefore, the discussion may be simplified to 
include a maximum of two pathways. Carbon-14 has been a 
valuable tool in identification and determination of the per 
cent participation of each of two pathways Involved in glucose 
catabollsm. 
The presence of several enzymatic activities does not 
necessarily mean that the cycle functions ^  vivo. One enzyme 
may be common to more than one pathway. An example is the 
following reaction catalyzed by glucose-6-phosphate dehydro­
genase : 
Glucose-6-phosphate (G-6-P) > 6-Phosphogluconate 
6-Phosphogluconate (6-PG) is an Intermediate of both the HI^IP 
and ED pathways. 
Establishing the relative Importance of multiple pathways 
is complicated when reaction products are common to more than 
one pathway. An example is the fate of fructose-6-phosphate 
(F-6-P) formed by the operation of the HW pathway. The 
P-6-P may be isomerlzed to G-6-P or converted to fructose-1,6-
diphosphate (F-l,6-diP) and metabolized by the EMP pathway. 
The activity of phosphohexose Isomerase cannot be determined 
in vivo. Models have been described which assume both complete 
and incomplete equilibrium between G-6-P and F-6-P (78) or the 
F-6-P may be catabollzed in a manner similar to the initial 
substrate, D-glucose, by the concurrent operation of two 
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pathways (70). 
The objectives of this work were to: 1) identify the 
primary pathways of glucose catabolism in the brucellae, and 
2) extend biochemical knowledge of an animal pathogen. It is 
hoped that knowledge concerning the brucellae will stimulate 
interest in other pathogenic bacteria. Only quantitative 
differences were observed between the various strains that 
were examined. B. abortus (8-19), a stable attenuated culture, 
was used as a model in most of the studies to minimize the 
hazard of infection. 
The first phase of the work dealt with experiments using 
whole cells, Glucose-C^^ was a valuable tool because of the 
fastidious nature of these organisms. A complex medium is 
required for the growth of B, abortus, although defined media 
have been reported for B. suis (^5) and B. melitensis (55)-
Interpretation of the radiorespirometric technique described 
by Wang (72) is based upon both the rate and total yield of 
from D-glucose labeled at C-1, C-2, C-3» C-3(^)» and 
C-6^. Use of radiochemical yields instead of specific activ­
ities makes it unnecessary to correct for dilution of the CO2 
by endogenous substrates. These experiments may be conducted 
in complex media such as tryptose-yeast extract. The incorpo­
ration into triose phosphate derivatives (pyruvate and alanine) 
^G-1, C-2, C-3. C-3(4), and C-6 refer to the individual 
carbon atoms of the glucose skeleton. 
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was studied. Alanine and pyruvate were subjected to Isotopic 
degradation to determine the distribution of radioactivity 
from which the primary pathways of glucose metabolism might 
be inferred. Trapping experiments were utilized in an attempt 
to eliminate alternate mechanisms of glucose catabollsm. 
Cell-free extracts were utilized in the second phase of 
the work to clarify the data obtained with whole cells. 
Several methods of cell disruption (sonic radiation, the Ribi 
cell fractionator, and the MSK cell homogenizer) were examined 
to obtain preparations with maximal enzymatic activity. 
Enzyme assays involved both the analysis of products and spec­
tral assays that followed the kinetics of the reaction. 
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II. LITERATURE SURVEY 
Considerable information has accumulated in recent 
years concerning the carbohydrate metabolism of microorgan-
Isms (10,27,77). 
The pathways of carbohydrate metabolism have not been 
identified in the genus Brucella. Roessler e_t a2. (5^) have 
identified the hezose phosphate esters of the Embden-Meyerhof-
Parnas (EMP) pathway formed during the anaerobic dissimilation 
of glucose and galactose by cell-free preparations of B. suis. 
The barium salts of the phosphate esters were prepared and 
identified by paper chromatography and ion exchange techniques. 
Evidence was obtained for the occurrence of glucose-1-
phosphate (G-l-P), glucose-6-phosphate (G-6-P), fructose-6-
phosphate (P-6-P), and fructose-1,6-diphosphate (F-l,6-diP), 
Adenosine triphosphate (ATP) was required in the system which 
contained MgSO^, MnSO^^, PeSO^, NaHCO^, phosphate buffer, and 
sodium fluoride. Experiments of this type demonstrate the 
enzymatic activities in the cell-free extract but yield no 
information on the nature of the pathways of glucose catabo-
11sm during growth. Working with sonicated preparations 
of B. suis. Gary et a2. (20) demonstrated only weak aldolase 
activity stimulated by divalent cations. The presence of ^ 
glucose-6-phosphate dehydrogenase in the extract suggested an 
alternate pathway may be operative. 
Meyer (4?) has investigated numerous strains and various 
carbohydrates in studies directed towards speelation of the 
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genus. Using manometric techniques, her results were as 
follows; B. melitensis oxidized only D-glucose while B. 
abortus and B. suis oxidized D-glucose, L-arabinose, D-
galactose, D-xylose, and D-ribose. These studies were 
conducted with resting cells grown on a complex medium. The 
carbon source was not defined to favor adjustment of the 
environment such that enzymes directed towards catabolism of 
a single substrate were elevated, 
Meyer and Cameron (46), and Gerhardt et al. (22) have 
examined the effect of pH on oxidation of tricarboxylic acid 
(TCA) cycle intermediates. Cellular permeability was consid­
ered a limiting factor in substrate oxidation and lowering 
the pH overcame the permeability barrier. Whole Cells of B. 
abortus show apparent inconsistencies in their oxidation of 
various amino acid substrates. Glutamate and asparagine are 
rapidly oxidized, whereas glutamine and aspartate are not; 
furthermore, compounds which are probable Intermediates in 
the oxidation of asparagine and glutamate are not oxidized at 
a comparable rate. Malonate, a substrate analogue of succinate 
which inhibits succinic dehydrogenase, failed to inhibit the 
oxidation of succinate. Both observations can be explained by 
the failure of the reactant to penetrate the cell. Lowering 
the pH of the medium below that favorable to growth of the 
brucellae increased the rate of oxidation of several organic 
acids, suggesting that the organic acid can penetrate the cell 
more readily when undissociated than when ionized. The oxida-
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tlon of <g>-ketogrutarate, succinate, fumarate, L-malate, 
oxalacetate, pyruvate, and acetate was stimulated in the acidic 
pH range. 
Cellular permeability was examined by varying the sub­
strate concentration and esterification of reactants. When 
the substrate concentration was in excess of that normally 
used, the oxidation rate increased with several compounds 
which were otherwise oxidized very slowly. Diethylmalonate 
was also ineffective as an inhibitor of succinate oxidation. 
Permeability was altered by treatment of the cells with acetone, 
toluene, and trans-1,2-pentanedicarboxylic acid. The data 
support the premise that permeability was a limiting factor 
in the oxidation of the TCA cycle intermediates. 
Altenbern (2) demonstrated that glucose-grown cells of 
B. abortus (S-19) oxidized the intermediates of the TCA cycle. 
Assimilation and oxidation of citric acid,^-ketoglutaric 
acid, and succinic acid was dependent upon pH, The effect 
of inhibitors on the oxidation of several substrates was noted. 
Arsenite inhibited the oxidation of glucose and acetate at 
pH 7.4. Fluoroacetic acid, inhibitor of aconitase, inhibited 
the oxidation of glucose, fumarate, and acetate. An accumula­
tion of fluorocitric acid during the oxidation of TCA cycle 
intermediates in the presence of fluoroacetate was observed. 
McCullough and Beal (44) studied the utilization of 9 
carbohydrates as carbon and energy sources by 12 strains of 
Brucella, The strains were compared on the basis of their 
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ability to grow using a single carbon source in a defined 
medium and to oxidize the various carbohydrates. Erythritol 
proved to be the sole carbohydrate of 9 tested (erythritol, 
L~arabinose, D~xylose, D-glucose, D-galactose, D-jnannose, 
D-fructose, sucrose, and trehalose) capable of supporting 
growth of all strains. B. suis utilized all the carbohydrates 
assayed. Growth was observed in a majority of instances with 
B. melitensis, while B. abortus utilized few of the above 
carbohydrates as a carbon source. The same strains were 
compared in manometric studies with the following results: 
B. abortus oxidized erythritol, D-glucose, D-galactose and 
D-fructose; B. suis oxidized L-arabinose, D-glucose, D-xylose 
and D-galactose; and B. melitensis oxidized only D-glucose. 
Sanders et (55)» working with B. melitensis in a 
synthetic medium, found galactose and fructose could replace 
glucose as an energy source with little change in cell yield. 
Neither D-ribose nor D-lyxose supported growth, and neither 
D-xylose nor L-arabinose equaled glucose as a carbon source. 
Sanders and Huddleson (56.57»58) examined the effects 
of oxygen on the metabolic activities of the brucellae. Rates 
of multiplication and cell counts are greatly increased when 
these organisms were grown in an atmosphere of pure oxygen. 
The rate of multiplication of B. suis was 6 times greater in 
a medium supplemented with thiamine; however, the quantity of 
glucose catabolized was not increased. Addition of thiamine 
resulted in increases in both the amount of glucose decomposed 
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and the rate of multiplication of B. abortus and B. melltensis. 
Pyruvate was substituted for D-glucose and catabolized in 
varying amounts by the three species. Lactic acid could not 
substitute for D-glucose in the growth of B. melitensis. 
Volatile acids could not be detected during four days of 
incubation. Carbon dioxide was collected and determined to 
be the major end product of glucose metabolism. It was con­
cluded that the species differ primarily in the rate of 
decomposition of glucose. 
Tyler (64) has identified the end products formed by 
B. abortus (S-19) in an aerated glucose-tryptose medium and 
found that 80^ of the utilized sugar was converted into carbon 
dioxide. Traces of acetic acid, formic acid, ethyl alcohol, 
lactate, and acetylmethylcarbinol were found. In order to 
quantitatively determine the volatile acids, it was necessary 
to concentrate the distillate by neutralizing with standard 
barium hydroxide, evaporating to the desired volume, and 
precipitating the barium with a calculated amount of standard 
sulfuric acid. 
The nutrition and physiology of the brucellae have 
recently been reviewed (22,74). 
There are two basic approaches in methods to study the 
relative participation of pathways. The first approach in­
volves the preparation of cell-free extracts and demonstra­
tion of the various enzymatic activities. This approach is 
useful, but requires cautious interpretation because one enzyme 
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may be common to more than one pathway; for example, D-
glucose-6-phosphate dehydrogenase is common to the hexose 
monophosphate (HMP) pathway and the Entner-Doudoroff (ED) 
pathway. The presence of several enzymatic activities does 
not mean that the cycle functions i^ vivo. Wood and Schwerdt 
(79) have studied the glucose metabolism of Pseudomonas 
fluorescens in which glucose is catabolized by concurrent 
operation of the HMP pathway and the ED pathway. The presence 
of the glycolytic enzymes was demonstrated except for phos-
phofructokinase. It was concluded that glycolysis does not 
play a significant role in the glucose catabolism of Pseudo­
monas fluorescens. The second approach involves the use of 
carbohydrates specifically labeled with Gheldelin 
(10) has suggested that radiotracer methods for quantitative 
studies may be subdivided as follows; 
1. Comparison of specific activities of C^^02-
2. Methods based on the comparison of specific activi­
ties of metabolic intermediates. 
3. The radiorespirometric technique based on the rate 
and total yield of C^^02 from specifically labeled carbo­
hydrates. 
Comparison of specific activities of C^^'02 has been em­
ployed primarily to study the carbohydrate metabolism of tissue 
slices (1,5»33»3^)• Bloom and Stetten (5) used glucose-l-C^^ 
and glucose-6-C^^ to determine the importance of the HMP and 
EMP pathways in rat tissue slices. No evidence of a non-
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glycolytic pathway was found in diaphragm sections; however, 
1 k-in kidney and liver slices a greater yield of C Og from 
glucose-l-C^^ reflected an alternate pathway. This is ex­
plained by the fact that C-1 may be routed out of the system 
as by the concurrent operation of the HMP pathway and 
the ùMP pathway in conjunction with the TCA cycle, whereas 
G-6 is released as only through the EMP pathway in 
conjunction with the TCA cycle. These investigators derived 
equations to estimate the importance of the HMP pathway. It 
was assumed that the HMP pathway yielded 1 mole of CO2 per mole 
of glucose that was metabolized. The recycling of the HMP 
pathway can result in 3 moles of CO^ per mole of glucose and 
1 it dilute the specific activity of the C O2 derived from D-
glucose-l-C^^. 
The nature of the HMP pathway in tissues and micro­
organisms has been extensively reviewed (10,33,77,78). Dis­
cussion centers around the fate of the fructose-6-phosphate 
formed during operation of the HMP pathway. Dawes and Holms 
(12,13) have examined the glucose catabolism of Sarcina lutea. 
A model was adopted in which the fructose-ô-phosphate was 
metabolized identically to the substrate glucose, for example, 
by the concurrent operation of the HMP and EMP pathways. Wood, 
et al. (78) prefer a sequence in which the fructose-6-phosphate 
is isomerized to glucose-6-phosphate and is metabolized via 
the HMP pathway. If this is true, the following catabolic 
sequence is to be expected: 
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1 Glucose-6-phosphate >3 COg -f 1 glyceraldehyde-3-
phosphate 
Also, the friictose-6-phosphate may be phosphorylated to yield 
fructose-1,6-diphosphate and catabollzed via the EMP pathway. 
Each model has its limitations. The first model implies no 
recycling and the second implies complete recycling, both 
quite improbable in an In vivo system. 
It has been pointed out that calculations involving 
yields of from glucose-l-C^^ and glucose-6-C^^ have been 
subject to error due to recycling (78), The fructose-6-
phosphate formed via the Hl^tP pathway derived from glucose-1-
is unlabeled, while that of glucose-6-C^^ still retains its 
radioactivity; therefore, calculations must take into consider­
ation the differences in content. 
Landau et (^0,4-1) have been able to estimate the 
per cent metabolism of the HMP pathway by examination of the 
randomization during the conversion of glucose-2-c^^ into 
glucose-6-phosphate, Glucose-6-phosphate-l,3-C^^ is formed 
from fructose-6-phosphate via recycling, and the distribution 
of will depend on the extent of recycling. 
Wood et (78) have examined models that assume complete 
and incomplete equilibration of the triose phosphate and 
hexose phosphate reactions. Landau et al. (40,^1) were able 
to assess the magnitude of the phosphohexose isomerase reaction 
by incubation of adipose tissue slices with glucose-2-C^^ and 
degradation to determine the randomization into a glucose~6-
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phosphate derivative (glycogen) and a fructose-6-phosphate 
derivative (glycerol). This method is based on the fact that 
the in the glucose-6-phosphate and fructose-6-phosphate 
from glucose-2-C^^ differ when the equilibration by phospho-
hexose isomerase is incomplete. 
Triose phosphate derivatives (glycerol, pyruvate) have 
been used to estimate the per cent participation of the HMP 
pathway. Calculations assume complete equilibrium between 
glyceraldehyde-3-Phosphate and dihydroxyacetone phosphate. 
Inadequacies in this approach have been discussed (?8). Katz 
et al. (35) have recently examined the effect of the rate of 
triose phosphate isomerization when using glucose-l-C^^ and 
glucose-6-C^^ to estimate the importance of the HMP pathway, 
Isotopic degradation to find the distribution of radio­
activity in the intermediates and products of glucose catab-
olism (pyruvic acid, lactic acid, alanine, glycerol, and acetic 
acid) can provide information on the nature of a primary path­
way. These experiments may be conducted in the presence or 
absence of inhibitors. Evidence for the ED pathway in Pseudo-
monas saccharophila came from experiments in which pyruvate 
catabolism was inhibited by arsenite (l8). Pyruvate that 
accumulated in the presence of arsenite after incubation with 
D-glucose-l-cl^ was labeled in the carboxyl position rather 
than the methyl group as expected from the EMP pathway, suggest­
ing an alternate pathway must be operative. 
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Gunsalus and Gibbs (26) found different labeling of 
products after incubation of D-glucose-C^^ with Leuconostoc 
l4 
mesenteroldes. C-1 was converted almost exclusively to C Og, 
while G-2 and G-3 became the methyl and carbinol groups of 
ethanol, respectively. C-4, C-5 and C-6 were converted to 
lactic acid. This fermentation offers an excellent method 
of degrading glucose synthesized in a biological system. 
Numerous examples of product labeling attest to its 
usefulness in determination of alternate pathways of carbo­
hydrate metabolism. Gibbs and DeMoss (23) have studied the 
anaerobic dissimilation of glucose and fructose by Pseudomonas 
lindnerl. This organism was chosen because ethanol is produced 
in abundant quantities during the metabolism of glucose and 
fructose. Resting cell suspensions produce 1.8 moles of COg, 
1.9 moles of ethanol, and a trace of lactic acid per mole of 
hexose fermented. The distribution of G^^ in ethanol derived 
from D-glucose-1-, -2-, -3(4)-, and -6-C^^, as well as fructose 
~1(6)-C^^ was determined. COg was produced from C-1 and C-4 of 
the glucose skeleton. Carbons atoms 2, 3. 5 and 6 were con­
verted to ethanol with C-2 and C-5 becoming the carbinol 
carbons of ethanol. Fructose and glucose were fermented by 
the same pathway. This observed product labeling differed 
from the classical glycolytic scheme and the heterolactic 
fermentation of Leuconostoc me sente ro ides. The tracer data 
suggested the Entner-Doudoroff pathway found in the aerobic 
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oxidation of glucose in Pseudomonas saccharophila is operative 
in this organism. 
Lewis et al. (^3) isolated pyruvate and acetate from 
culture supernatants of P. fluoréscens NRRL B-6 metabolizing 
D-glucose-1-,-2-, and -6-G^^. Acetate does not usually accumu­
late; thus, large quantities of cold acetate were added to 
the Incubation medium as a trap. Acetate isolated after incu­
bation with glucose-2-C^^ was predominantly labeled in the 
carboxyl group, eliminating the heterolactic fermentation 
mechanism as found in L. mesenteroldes. Pyruvate isolated 
after incubation with D-glucose-l-G^^ plus 0.002 M sodium 
arsenite proved to be labeled $0% in the carboxyl position as 
would be expected if the ED pathway were operative. The 
pyruvate isolated after Incubation with D-glucose-6-G^^ plus 
0.002 M sodium arsenite was almost exclusively labeled in the 
methyl position supporting the other degradation data. The 
arsenite block of pyruvate catabolism was not as effective as 
described for P. saccharophila since the HMP pathway is opera­
tive in this organism. 
Gibbs e;fc a2. (2 5) studied the distribution of radio-
ik 
activity in lactic acid after fermentation of D-glucose-l-C 
by strains typical of homofermentative and heterofermentatlve 
lactic acid bacteria. The heterofermentatlve strains were 
shown to ferment glucose by the heterolactic fermentation found 
in L. mesenteroldes. Two strains of homofermentative lactic 
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acid bacteria fermented D-glucose-l-C^^ to methyl-labeled 
lactate, characteristic of the BMP pathway. 
In order to avoid the problem of endogenous dilution, 
Wang et a2. (72) developed a method of pathway evaluation 
based on the total yield of C^^02 without regard to specific 
activities. samples from a bank of concurrent experi­
ments with D-glucose-1-,-2-,-3-, -3(4)-, and -6-C^^ are 
collected at regular time intervals (usually hours). The 
hourly samples are expressed as the per cent of the 
initial radioactivity and plotted versus time to obtain the 
radlorespiremetrie pattern that depicts the kinetics of the 
release of The interpretation of data is based on the 
variation in magnitude of f^om each specifically labeled 
substrate and total yield of sit a point when all the 
substrate has been assimilated. 
The radloresplrometric technique offers a convenient 
method of looking at the metabolic activities of an organism 
in growth. The organisms are harvested during the log phase 
of growth, washed, and resuspended in carbohydrate-free medium. 
The glucose-C^^ is added and the is trapped in either 
sodium hydroxide or a base suitable for scintillation count­
ing such as ethanolamine. The cells are separated from the 
medium and both counted in the appropriate scintillation mix­
ture. One then has the distribution of incorporation Into 
the cells, into products excreted into the medium, as well as 
a rate and magnitude of C^^02 production. 
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Microquantitles of cells and are used in these 
experiments. The quantity of cells may vary from 10-20 mg. 
(dry weight) and the substrate, from 50-100 /*moles. These 
levels are adequate to allow hydrolysis of the cells and 
chromatography of the hydrolysate to detect incorporation into 
intermediates of interest, such as amino acids. 
Many substrates are particularly suited to this technique. 
Examples are C^^-labeled glucose, gluconate, pyruvate, acetate, 
and glutamate. Gluconate is particularly useful because the 
conversion of glucose-é-phosphate to 6-phosphogluconate is 
an irreversible reaction which precludes the formation of 
hexose phosphate from other than operation of the HMP pathway. 
Gluconate is assumed to be phosphorylated and to function as 
that formed ^  vivo from substrate glucose. Wang and Krackow 
(70) do not eliminate the possibility that permeation of 
gluconate into the cell may constitute a limiting factor in 
comparison of radiochemical yields. 
Some distinct features of the radiorespirometric method 
deserve mention. The comparison of total yields of 
rather than specific activities makes it unnecessary to correct 
for dilution by endogenous substrates. These experiments are 
conducted under optimal conditions with proliferating cells 
which should drive the reaction in a forward direction rather 
than randomize the label and complicate the interpretation. 
Experiments may be performed in complex media, such as tryptose-
yeast extract, a fact which provides a distinct advantage over 
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oxidation of substrates in a Warburg respirometer. Use of 
the Warburg dictates a resting cell situation with a suitable 
buffer as the medium. 
In addition to microquantities of cells and substrate 
required, the radiorespirometric technique permits detection 
of varying enzymatic composition. Wang and Krackow (70) have 
shown a greater participation of the HMP pathway when Bacillus 
subtilis is grown in a minimal, as opposed to a complex, 
medium. Cultural conditions must be rigidly standardized. The 
level may be adjusted to rapid assay with scintillation 
counting, and the fate of a single carbon atom followed 
closely. The experiment may be quickly terminated upon recog­
nition of substrate exhaustion, 
Wang and co-workers have studied a number of organisms 
using the radiorespirometric technique. Several of them are 
excellent models for consideration. Saccharomyces cerevisiae 
(Baker's yeast) is knovm to metabolize glucose by the con­
current operation of the EMP pathway in conjunction with the 
TCA cycle. The preferential release of G-3 and C-4 is realized 
from operation of the EMP pathway as depicted in the radio­
respirometric patterns shown in Figure 1, since these positions 
become the carboxyl groups of pyruvate during the symmetrical 
cleavage of the hexose unit into triose fragments. It follows 
that C-2 and C-5 are equivalent, as are C-1 and C-6, being the 
carbonyl and methyl groups of pyruvate, respectively. C-3 and 
C-4, followed by C-2 and C-5» and finally C-1 and C-6 are 
Figure 1. The radlorespirometric patterns for the utiliza­
tion of glucose by Saccharomyces cerevisiae 
(Baker's yeast). Taken from the work of Wang 
( 6 8 ) .  
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released as through the cyclic operation of the TCA 
cycle. 
The prompt release of G-1 is usually cited as evidence 
for the operation of the HMP pathway. The yield of C-1 as 
C^^02 is greater than C-6 in Baker's yeast; thus, the existence 
of the HMP pathway is demonstrated. If the HMP pathway were 
the predominant pathway, one would expect large amounts of 
from C-1, followed by C-2 and C-3, respectively. 
The bulk of glucose catabolism in Acetobacter suboxydans 
is via the HMP pathway (37). The radiorespirometric patterns 
are shown in Figure 2. Some of the glycolytic reactions have 
been documented in this organism, yet the presence of the 
entire scheme is doubtful. The rate of release was 
C-1>C-2>C-3(^)>G-6, which is what one would expect from opera­
tion of the HMP pathway. f'^rom carbon 6, due to the 
absence of the TCA cycle in this organism, can be explained 
by recombination of triose phosphates and phosphatase action 
on F-l,6-diP to yield hexose phosphate. The resulting hexose 
will be labeled 6544^6. Re-entry into the HI4P pathway will 
yield C^^Og upon oxidation of the top 3 carbons of the hexose. 
Even when the bulk of the traffic is via the HMP pathway, 100# 
of C-2 and C-3 are not routed out as C^^02- This is probably 
due to drainage of intermediates for biosynthesis such as 
pentose for nucleic acid synthesis. 
Stem et a2. (62) and Wang et (?1) have studied the 
catabolism of glucose by P. reptillvora using the radiorespiro-
Figure 2. The radiorespirometric patterns for the utilization 
of glucose by Acetobacter suboxydans. Taken from 
the work of Kitos et al. (37). 
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metric method. The radioresplrometric patterns are shown in 
Figure 3. This organism is known to catabolize glucose via 
the concurrent operation of the ED pathway and the H MP path­
way in conjunction with the TCA cycle. Glucose catabolism via 
the ED pathway results in an unsymmetrical cleavage of the 
glucose skeleton with C-1 and C-4 becoming the carboxyl groups 
of pyruvate. C-2 and C-5 are equivalent,, as are C-3 and C-6, 
being the carbonyl and methyl groups of pyruvate, respectively. 
The preferential release of C-1 and C-4 as is realized 
from operation of the ED pathway. The yield of G-1 as 
is greater thaji C'-4 in P. reptilivora reflecting the contribu­
tion of the Hîgp pathway. The high levels of C^^02 from C-2 
and C-6 can be accounted for by the oxidation of acetate in 
the TCA cycle. A similar mechanism of glucose catabolism in 
P. fluorés cens KBl has been observed by Wang and Ikeda (69). 
The radiorespirometric technique has been used to eluci­
date the nature of the hexose cycle in Acetobacter xylinum 
(73)- The order of C^^Og release was C-l>C-2>C-3>C-6>G-4. 
The question of how C-6 is released in a greater yield as 
C^%2 than C-4 was answered by enzyme studies. Glyceralde-
hyde-3-phosphate generated by the HFJP pathway or the Entner-
Doudoroff pathway is rapidly isomerized to dihydroxyacetone 
phosphate and recombined by aldolase to yield F-1,6 -diP. A 
phosphatase converts the P-l,6-dlP to P-6-P, which is in turn 
converted to G-6-P and 6-phosphogluconate. The question as to 
Figure 3. The radlorespirometrlc patterns for the utilization 
of glucose by Pseudomonas reptlllvora. Taken from 
the work of Stern et al. (62). 
26 
PSEUDOMONAS REPTILIVORA > 
TIME ik RTU 
I RTU=2 HOURS 
GLUCOSE i-C 
GLUCOSE Z-C''* 
GLUCOSE 3,4-c''* 
GLUCOSE G-c''* 
GLUCOSE 4-c'^ 
(CALCULATED) 
I 
TIME IN RTU 
Figure 3. 
27 
why the hexose cycle is present or needed has not been answered. 
The hexose cycle has been found only in gram-negative bacteria 
that metabolize glucose and gluconate via the concurrent 
action of the ED pathway and the HMP pathway, possess a non­
functional glycolytic system, and produce some sort of hexose-
containing polysaccharide. 
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III. EXPERIMENTAL 
A. Materials 
1. Construction of the radlorespirometer 
The design of the radlorespirometer unit described by 
Wang (72) was modified to adapt materials available in the 
laboratory. A 1-1/4" diameter hole to accommodate a 3-way 
stopcock was drilled in a double Warburg manometer holder 
(Gilson Medical Electronics) that served as a supporting unit 
for each trapping assembly. A connecting arm linked the flask 
containing the proliferating cells and glucose-C^^ to the 
traps. A constant flow of air sterilized by passage 
through unautoclaved cotton, was used to sweep the metabol-
ically produced C^^02 out of the reaction flask. A cotton 
plug was placed before the 3-way stopcock to reduce the hazard 
of possible Infection. Flow meters (Matheson Company, Inc., 
East Rutherford, N.J.), maintained a constant flow of air and 
assured uniformity in sweeping the C^^02 from the reaction 
flask. The C^^Og trapping assemblies were fitted with coarse 
porosity fritted disks. Rapid sampling at hourly intervals 
was achieved by switching from one C^^02 trap to the other by 
rotating the 3-way stopcock. The components of the radlo-
respirometer are shown in Figures 4, 5» 6 and 7. 
2. Isotopes 
Radiochemicals were obtained from the following sources: 
D-glucose-l-, -2-, -6- and -U-C^^ from the California Corpora-
Figure 4. Assembled radloresplrometer. Figure 5» Flowmeters mounted on 
circular gassing 
manifold. 

Figure 6. Side view of incubation 
flask, connecting arm, and 
cl^02 trapping assembly. 
Figure 7- Front view of 0 
traps and 3-way 
stopcock. 
Figure 6 igure ? 
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tlon for Biochemical Research; acetate-1- and -2-0^^ and 
pyruvate-1-, -2- and -3-C^^ from Nuclear Chicago Corporation; 
DL~alanine-l- and -2-C^^ and D-gluco8e-3,4-C^^ from Volk 
Radiochemical Co. D-glucose-3-C^^ was kindly supplied by 
Dr. William Sacks, Rockland State Hospital, Orangeburg, 
New York, and Dr. Albert Manian, Psychopharmacology Service 
Center, National Institute of Mental Health. 
3. Chemicals and enzymes 
Glucose-6-phosphate (barium salt), fructose-6-phosphate 
(barium salt) and fructose-l,6-diphosphate (tetracyclohexyl-
ammonium salt) were purchased from Boehinger Mannhein Corpora­
tion as were lactic dehydrogenase, -glycerol phosphate 
dehydrogenase, triose phosphate isomerase, aldolase and 
glyceraldehyde-3-phosphate dehydrogenase. 3-Phosphoglyeerie 
acid was purchased from Nutritional Biochemicals and glucose-
1-phosphate from Sigma Chemical Go. ADP, ATP, NAD, NADH and 
NADP were products of P-L Biochemicals Inc. DL-glyceraldehyde-
3-phosphoric acid (diethylacetal, barium salt), 6-phospho-
gluconic acid (barium salt), ribose-5-phosphate (barium salt), 
sedoheptulose anhydride, and dithiothreitol were purchased 
from the California Corporation for Biochemical Research, 
Other chemicals used were of analytical grade and were pur­
chased from commercial sources, A sample of 2-keto-3-deoxy-
6-phosphogluconic acid was kindly supplied by Dr. ¥. A. Wood. 
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B. Bacteriological Methods 
1. Maintenance of cultures 
Cultures for this study were provided by Mr. G, Painter 
of the Brucellosis project, NADL, Ames, Iowa. The reference 
strain of each species (except for B. abortus) as suggested 
by the World Health Organization Expert Committee on Brucel­
losis was selected as being representative of the species (80). 
Slant cultures of B. abortus (8-19 afid 23O8), B. melltensls 
(16M)J and B. suis (1330) were maintained on potato infusion 
agar medium. The cultures were transferred at monthly inter­
vals by streaking on tryptose agar (Difco) containing 
bovine serum. Individual colonies, typical of the smooth 
phase, were selected as described by Huddleson (30)» Slant 
cultures to be used as seed for growth of the organism in 
liquid medium were grown on potato Infusion agar medium (6I), 
incubated for 24 hours, and stored at 4-6° C. until use. 
2. Media 
Cells for metabolic experiments were grown in liquid 
medium of the following composition: tryptose (Difco), 2^; 
yeast extract (Difco), 0.5^; and salts mixture, by volume. 
The appropriate amount of concentrated H^PO^ was added to the 
salts mixture to adjust the medium to pH 6.6. Inorganic ion 
levels were described by McCullough et (45), and the 
vitamin levels by Rode et al. (53)» The tryptose and yeast 
extract components were sterilized by autoclaving for 15 
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minutes at 121° C. The salts, vitamins, and glucose were 
sterilized by filtration as a 5-fold stock solution and added 
aseptlcally. The initial inoculum was 2x10^ organisms per 
ml, in the case of B. abortus (S-19). or 50 ml. of medium 
received 1 ml. of a 1:20 dilution of a cell suspension with 
an Initial optical density of 0.l4 at 620 The aseptic 
addition of "the salts mixture after sterilization of the 
tryptose-yeast extract solution afforded a medium that per­
mitted cell yields which approached those obtained in media 
sterilized by filtration (21,66). This medium produced over 
100x10^ cells per ml, of B. abortus (S-19) in 60 hours, which 
is the highest yield yet reported using a commercial peptone. 
A slightly better yield of cells was obtained with peptone M 
(Albimi Laboratories) in 72 hours. The medium used for growth 
of the brucellae is shown in Table 1. 
Growth curves of the strains of brucellae used in these 
studies are shown in Figure 8. Growth was measured using a 
Coleman Junior spectrophotometer by following the optical 
density change at 620 soja of a 1:10 dilution of the liquid 
culture. 
Early in these studies it was found that aeration was an 
important factor in glucose utilization confirming the results 
of Sanders and Huddleson (56,58). Cells were routinely grown 
in 50 ml. of medium (in 250 ml. Erlenmeyer's) on a rotary 
shaker (I60 cycles/min.) at 37° C. 
Figure 8. Growth curves of reference strains of the brucellae. 
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Table 1, Medium for growth of the brucellae 
g./liter ><g./liter 
K2HP04 1 Thiamine 200 
NaCl 8 Nicotinic 
Acid 
400 
0.1 Pantothenic 
Acid 
200 
PeS04 0.004 Biotin 1 
MhS04'H20 0.001 
Tryptose (Difco) 20 
Yeast extract (Difco) 5 
D-glucose 20 
Concentrated 0.66 ml. 
3» Standardization of cell suspensions 
Cell suspensions were standardized by relating dry weight 
and protein nitrogen to optical density values using a Coleman 
Junior spectophotojneter with the results shown in Table 2. 
Dry weights were determined by heating an aliquot of a cell 
suspension at 105° C, until no change was observed between 
successive weighings. Nitrogen was determined by the Kjeldahl 
method described by Kabat and Mayer (32). An optical density 
value of 0.l4 at 620 my- was obtained with cell suspensions of 
2x109 cells per ml. These cell suspensions are equivalent to 
0,1219 mg. dry weight per ml. 
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Table 2. Standardization of cell suspensions of B. abortus 
(S-19) 
Organisms 
X 109/ml. 
Dry Weight 
(mg. ) 
Total Nitrogen 
(mg. ) 
50 - 0.386 
100 - 0.754 
o
 
H
 - 1.084 
200 12.19 1.48 
400 25.24 2.96 
600 36.12 — 
800 47.91 -
4. Design of the radiorespiremetrie experiment 
Cells in the middle of the logarithmic phase of growth 
were harvested by centrifugation, washed with sterile 0.8<# 
NaCl, and resuspended in growth medium free of carbohydrate 
to a concentration of 7-5 mg. per ml. (dry wt.) 
Two milliliters of the standard cell suspension were added 
to each flask with 7-5 oil. of carbohydrate-free medium. A 
0.5 hour equilibration period preceded addition of the substrate. 
The was removed from the medium by sweeping with a stream 
of air at a rate of about 50 ml. per minute. 
The cl^02 was trapped in 6 ml. of a solution (1:2 v./v.) of 
ethanolamine in ethylene glycol monomethyl ether (hereafter 
referred to as cellosolve) (31). At hourly intervals the trap 
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contents were displaced, the trap rinsed with 3 ml. of cello-
solve and the two portions were combined. A 3 ml. aliquot was 
added to 15 ml. of scintillator described by Jeffay and Alvarez 
(hereafter referred to as JA scintillator) for determina­
tion (31). The cells were separated from the medium by centri­
fugation upon termination of the experiment and resuspended 
in 5 ml. of saline. The radioactivity in the cells was 
determined by dispensing a O.5 ml. aliquot of the saline 
suspension into I6.5 nil. of XDC scintillator (6) containing 
Lifo Gab-O-Sil (Packard Instrument Co.). The radioactivity in 
the medium was determined by adding a O.5 ml. aliquot to 
16.5 ml. of XDC scintillator. The counting efficiency using 
the JA scintillator was about 35% and using the SDG scintilla­
tor about 60%. 
5• Cell-wall disruption 
Several methods of cell disruption were compared and 
found to give preparations with varying amounts of enzymatic 
activity. For enzyme experiments, the cells were harvested 
from the log phase of growth, washed with cold 0.1 M Tris 
buffer (pH 7-4) containing 100 >ug./ml. of niacinamide, and 
resuspended in the same buffer (15 mg./ml.). The cells were 
stored at 4° C. up to 3 weeks before disruption. Later exper­
iments utilized N-2-hydroxyethylpiperazine-N-2-ethanesulfonic 
acid (HEPES) buffer in preparation of cell-free extracts. 
Cells were removed from the Tris buffer by centrifugation, 
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washed with cold 0.1 M HEPES (pH 7-4) containing 100 jaq. per 
ml. of niacinamide and 10"^ M dithiothreitol, and resuspended 
in the same buffer for disruption. 
a. Sonic radiation Cell suspensions (7-5 mg./ml.) 
were disrupted for 15 minutes using a Raytheon 10 keys./sec. 
ultrasonic oscillator set at 1.2 A. The temperature was 
controlled with an ice-water bath. The preparation was 
centrifuged at 7,500 x g. for 20 minutes to yield an opal­
escent supernatant fraction and a particulate fraction. 
b. Ribl cell fractlonator Several experiments were 
performed using the Eibi cell fractionator (Ivan Sorvall, Inc., 
Norwalk, Connecticut). The temperature was maintained at 
5° G. with a disrupting pressure of 25,000 p.s.i. The optimal 
concentration of cells to obtain maximum enzymatic activity 
in the supernatant fraction was 5 mg. per ml. 
c. Bronwill mechanical cell homogenizer The most 
active cell-free preparations were obtained, using the MSK 
cell homogenizer. A suspension of B. abortus (S-19), 7-5 mg./ 
ml. (dry wt.), was mixed with a quantity of 0.11 mm. Ballontini 
glass beads to give a 30^ suspension (calculated from the 
total volume of the suspension) in a 50 ml. flask and cooled 
to ice-water temperature. A 5 minute period was necessary 
to effect cell disruption and homogenization. The beads were 
allowed to settle, the resulting preparation carefully poured 
off and centrifuged at 7,500 x g. for 20 minutes to yield a 
soluble fraction and a particulate fraction. 
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C. Analytical Methods 
1. Counting conditions 
Counting of radioactivity was done in a Tri-Carb liquid 
scintillation spectrometer (Model 3l4 EX, Packard Instrument 
Co., LaGrange, 111.), The counting vials were of low potas­
sium glass with screw caps, lined with cork and tin foil. The 
freezer was operated at 5° C. All phosphors used were of 
scintillation grade. Counting efficiencies were determined 
by the spiking technique of Okita (51) using a C^^-toluene 
standard obtained from Packard Instrument Co. 
Optimal counter settings were selected to give the 
2 highest ratio of B /B, where E is the counter efficiency and 
3 is the background. The operating voltage was determined 
as suggested by the Packard Instrument Co. A sample was 
counted at several voltages and window settings. The results 
indicated an optimal counting rate was observed at Tap 5(1080 
V.) with window openings 100-1,000 (red scale) and 500-1,000 
(green scale). The background was usually 30-35 c.p.m. 
2. Chemical determinations 
a. D-glucose D-glucose was determined using both 
the phenol-H280^, method of Dubois ^  al. (l6) and the glucose 
oxidase procedure (Glucostat, Worthington Biochemical Corp., 
Freehold, N. J.), The glucostat micromethod proved to be 
convenient and reproducible. The enzyme and chromogen were 
dissolved in equal volumes in separate vials and combined 
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(1:1 v./v.) just before use. Two milliliter of reagent were 
added to each sample which contained 10-100 jug. of D-glucose 
in 2 ml. of filtrate. The test tubes were placed in a 37° C. 
incubator for 30 minutes, removed, and the reaction was 
stopped by the addition of 1 drop of 5 N HCl. The absorb-
ance of the chromogen was determined at 400 m.jt. 
b. Pyruvate Pyruvate was determined either colori-
metrically as the phenylhydrazone (65) or by using an 
enzymatic method (?)• The enzymatic method was less time 
consuming and was reproducible as shown in Table 3-
The reaction mixture contained 100 >moles of KgHPG^^^ (pH 
7.4), 0.4 >imole NADH and from 0.05 )wmole to 0.3 /tmole of 
pyruvate in a 3 ml. volume. After recording the initial 
optical density reading, 20 ^ ug. of lactic dehydrogenase was 
added and the change at 340 mj*. noted at 3 minutes and 6 
minutes. The enzyme solution was diluted in cold 0.01 M 
NaCl and could, be stored up to 4 days; however, the results 
were more reproducible if a fresh dilution was prepared each 
time just before use. 
It should be noted that each assay value corresponds to 
a different reference solution prepared and assayed during a 
3 month interval of experimentation. 
c. Amino acids Amino acids were determined by the 
ninhydrin method of Yemm and Cocking (81). The samples were 
diluted to 14 ml. after color development. 
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Table 3. Pyruvate determination using lactic dehydrogenase 
Experiment number 
Optical density from 
0.1 jLtmole pyruvate in LDH assay 
1 0.204 
2 0.205 
3 0.212 
4 0.207 
5 0.205 
d. Pentose Pentose was determined using Dial's 
Orcinol reaction as described by Dische (14) with a 40 minute 
heating time. Ribose and ribose-5-phosphate show the same 
molar extinction coefficient with ribulose-5-phosphate about 
7^ less in the reaction with orcinol. 
e. Heptulose and hexose phosphate Sedoheptulose-7-
phosphate and hexose phosphate were determined by the cysteine-
sulfuric acid reaction described by Dische (15). The concentra­
tion of hexose phosphate was determined from the absorbance 
of the chromogen at 412 m/* using a standard curve prepared 
with D-glucose. The sedoheptulose-7-phosphate was similarly 
determined at 505 ni/t against a sedoheptulose anhydride standard 
after development for 18 hours. 
f. 6-Phosphogluconate 6-Phosphogluconate was deter­
mined by the method of Oliver (52). The lactone was prepared 
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by heating the sample in O.O5 N HCl in a boiling water bath 
for 20 minutes. Equal amounts of 4 N NaOH and 4 M hydroxyl-
amine were combined and adjusted to pH 8.0 just before use. 
Two milliliters of hydroxylamine reagent was added to 1 ml, 
of sample containing 2. <-10 /^moles of gluconate or 6-phospho-
gluconate. One milliliter of 4 N HCl followed by 1 ml. of 
10% Feci? in 0.1 N HCl was added after two minutes. The tubes 
were vigorously rotated to expel gas bubbles and the optical 
density was measured at <40 within 10 minutes. 
g. D-glyceraldehyde-3-phosphate D-glyceraldehyde-3-
phosphate was determined by an enzymatic method using triose 
phosphate isomerase and#-glycerol phosphate dehydrogenase (8). 
h. Protein Protein was measured by a turbidimetric 
method using sulfosalicyclic acid as described by Layne (42). 
A freshly prepared serum albumin solution served as a standard. 
i. Phosphorus Phosphorus was determined as phosphate 
phosphorus as described by Cardini and Leloir (9)* 
3. Isolation of pyruvate phenylhydrazone 
An aliquot of 0.^% 2,4-dinitrophenylhydrazine in 2 N HCl 
was added to the culture supernatant and the sample was allowed 
to stand at room temperature for four hours and at 4-6° C. 
overnight. The aqueous phase containing the phenylhydrazone 
was extracted twice with 10 ml. portions of ethyl acetate. 
The ethyl acetate fraction was extracted into 20 ml. of 10^ 
NagC0^ followed by a wash of ^  ml. The sodium carbonate 
46 
fraction was immediately acidified to pH 1,0 in the cold with 
12 ml. of 5 N HCl and extracted twice with 10 ml. portions of 
ethyl acetate. The product was dried by filtration through 
anhydrous Na^SO^, and the ethyl acetate was removed in a rotary 
evaporator in vacuo at 30° C. The residue was dissolved in a 
known amount of ethyl acetate, with aliquots taken for degrada­
tion and determination in XDC scintillator, 
4. Isolation of aspartic acid, glutamic acid, and alanine 
The ,«indicated amino acids were isolated from cell hydroly-
sates by a combination of paper and column chromatographic 
techniques. Approximately 30 mg. of B. abortus (6-19) cells 
were hydrolyzed with 6 ml. of 6 N HCl in a sealed tube for 
12 hr. at 121° G. The humin was removed by filtration with 
the aid of celite. Excess HCl was removed by repeatedly 
dissolving the hydrolysate in distilled H2O and evaporating 
the solution to dryness. The hydrolysate was finally dissolved 
in 1.5 ml. of distilled HgO and applied to an Amberlite IR-4B 
column (1x5 cm., 100-200 mesh). The neutral amino acids were 
eluted with 25 ml. of distilled H2O and the aspartic and 
glutamic acids with 50 ml. of 1 N HCl. 
The Amberlite IR-4B resin was conditioned as follows: 
50 g. of resin were allowed to swell in 1 N HCl for 6-8 hours 
and washed twice with alternate 250 ml. portions of 1 K HCl 
and distilled H^O. The resin was transferred to a column and 
washed with distilled HgO until the pH of the effluent rose 
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above 3.0 (24-36 hours). Both the neutral and. acidic amino 
acid fractions wejr^ desalted using an electrolytic desalter 
(Research Specialities, Richmond, California), evaporated to 
dryness, and dissolved in a minimal volume of distilled 
for paper chromatography. 
Alanine was purified from the neutral amino acid frac­
tion by descending paper chromatography on Whatman 3MM filter 
paper using the phenol-isopropanol-HgO (100:20:20 v./v./v.) 
solvent (solvent system #1) described by Block and Weiss (4). 
The hydrolysate was streaked on two separate sheets across 
a total distance of 72 cm. The band which migrated with 
alanine was eluted chromatographically with evaporated to 
dryness and rechromatographed on Whatman 3MM paper using the 
butanol-acetic acid-H20 (4:1;5 v./v./v.) solvent (solvent 
system #2) described by Smith (60). 
Alanine isolated from solvent system #1 was slightly 
contaminated with tyrosine and histidine which were identified 
by COchromatography with reference compounds and detection 
with ninhydrin. Two cherry red spots, corresponding to histi­
dine and tyrosine, were observed with Pauly reagent, specific 
for phenols and imidazoles. Aspartic acid and glutamic acid 
isolated from the IR-4B column were separated on paper using 
solvent system #1, eluted with HgO and adjusted to a standard 
volume for C^4 determination. 
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5. IsQtoplc degradations 
a. Acetate Acetate was decarboxylated using the 
Schmidt reaction as described by Gibbs, ejb (24) with 
several modifications to increase the yield of products. Five 
milliliters of 100^ HgSO^ [l part C.P. HgSO^ {20% excess 80_) 
mixed with 3 parts C.P. concentrated H2S0^J were added to the 
flask containing the dry sodium acetate (0.3>imole) previously 
cooled in ice. The sodium acetate was dissolved by shaking 
and warming. The flask contents were cooled again and 100 mg. 
of NaNo were added with solution achieved by alternate warming 
and shaking. The flask was cooled again, attached to a water-
cooled condenser, and connected to the degradation apparatus 
described by Gibbs, et aJ. (24). The temperature was raised 
to 70° G. over a 15 minute period and maintained at this 
temperature for 1.5 to 2 hours. The was removed from 
the reaction flask by sweeping with a stream of COp-free 
nitrogen into 6 ml. of the ethanolamine-cellosolve mixture 
(1:2 v./v.) described under coujiting conditions. The trap 
was rinsed with 3 ml. of cellosolve and the two portions were 
combined with a 3 ml. aliquot added to 15 ml. of JA scintilla­
tor. The difference between the total c.p.m. determined by 
counting an aliquot of the acetate to be subjected to degrada­
tion directly in the scintillation spectrometer and the c.p.m. 
as C^'^02 was taken to be the activity of the methyl carbon 
of acetic acid. The quantity of labeled acetate was always 
adjusted to 0.3 /wole before degradation. Acetic acid standards 
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Table 4. Degradation of acetic acid standards 
Experiment no. 
Initial 
c.p.m. c • « m» % Yield 
1 Acetic acid-l-C^^ 136,100 125,369 92.10 
2 Acetic acid-l-C^^ 136,100 125,069 91.85 
were degraded as shown in Table 4, 
b. Pyruvate The pyruvate phenylhydrazone was de-
carboxylated with CefSO^jg as described by Aronoff (3). Stand-
l4 
ard solutions of pyruvate-1-, and -2-C were degraded to check 
the procedure. Slight modifications enhanced the yield of 
the reaction. The yield rose from about 30% to 70% with the 
aid of reflux temperature. Two-tenths volume of ^0% H28O4, was 
added to the aqueous solution containing the phenylhydrazone 
followed by gentle refluxing for 5-10 minutes. A saturated 
solution of Ce(S0^)2 (2 to 3 ml. = 0.04 M) in 10 N HgSO^ was 
then added followed by refluxing for another 20 minutes. The 
14 G Q>2 removed from the reaction flask by sweeping with a 
COg-free stream of air into the ethanolamine-cellosolve mix­
ture and the determined as described under acetate degra­
dation. Three-tenths mmoles of carrier acetate was added 
after termination of the reaction and the acetic acid was 
steam distilled. Ten volumes of distillate were collected. 
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Table 5» Degradation of pyruvate standards 
Experiment No. Initial as C^^02 % Yield 
C * p # ill • 
1 Pyruvate-l-cl4 44,331 32,46? 71.0 
phenylhydrazone 
2 Pyruvate-l-cl4 24,472 17,337 71.0 
phenylhydrazone 
The distillate was titrated to a phenol red end point, evap­
orated to dryness, and the acetate saved for degradation. 
Results of a typical degradation are shown in Table 5. 
Wriston et al. (76) has observed that part of the -
carbon of pyruvate is released during Ce(80^)2 decarboxyla­
tion. These results were confirmed as shown in Table 6. The 
residual acetate was steam distilled to obtain the per cent 
yield of the reaction. 
Table 6. Degradation of pyruvate-2-C^^ phenylhydrazone and 
recovery of acetic acid 
Experiment Initial 
3no « O «  ^• IQ « cî^2 
% 
^-carbon 
Acetate 
yield Recovery^ 
1 28,310 
2 15,514 
2,466 
1.119 
8.7 
7.21 
15,680 87.9 
^Calculated from 71% yield at Ce(80^)2 decarboxylation. 
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G. Alanine Alanine isolated from cell hydrolysates 
was sequentially degraded by decarboxylation with ninhydrin 
to yield C-1 as COg and C-2 plus C'-3 as acetaldehyde which 
was removed by gentle reflux and oxidized in 5 M CrO^ (28). 
The degradation apparatus has been described by Gibbs (2^) 
and employed 6 ml. of 5 M CrO^ in the first 2 tubes, acidified 
0.5-saturated KMnO^ in the third, followed by the 
trap. The acetate was isolated by steam distillation as 
described under pyruvate degradation. The distillate was 
adjusted to a phenol red end point and evaporated to dryness. 
The dry sodium salt was degraded using the Schmidt reaction 
as described under acetate degradation. The specific activity 
of the acetate was determined by titrating with O.OO98 N NaOH 
and counting an aliquot of the acetate solution in the scintil­
lation spectrometer. The ninhydrin decarboxylation was con­
ducted as follows: 100 ^ moles of alanine and 100 mg. of citrate 
buffer (pH 2.5) were placed in the reaction flask and heated 
to a gentle reflux. One-hundred-fifty mg. of ninhydrin dis­
solved in 7 ml. of boiling H2O was injected into the flask. 
The G^^02 was removed from the reaction flask by sweeping 
with a stream of CX)2-free nitrogen as described under acetate 
degradation. Reflux was maintained for 30 minutes with sweep­
ing for an additional 15 minutes. The reaction flask was 
disconnected, the CrO^ solutions were pooled and the acetate 
Isolated as described under pyruvate degradation. Standards of 
alanine were degraded with the results shown in Table 7. 
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Table 7- Degradation of alanine standards 
Initial c.p.m. as c.p.m. as % Yield 
c.p.m. Cl^02 acetate 
DL-alanlne-l-Cl4 131,993 126,720 nil 96.0 
DL-alanine-l-cl4 1,312 1,174 nil 89-5 
Dl-alanlne-2-C 138,471 26l 117,030 84.5% 
^As acetate. 
d. D-glucose-3,4~C^^ D-glucose-3,4-C^^ was degraded 
using Leuconostoc mesenteroides as described by Gibbs et al. 
(24). Seven per cent of the total radioactivity was found 
in C-1, 37^ in C-3 and 55^ in C-4. 
6. Gellte chromatography 
Acetic acid was purified after steam distillation using 
the celite column described by Wiseman and Irvin (75). n-
Hexane (Fischer) was substituted for Skelly B. Titration of 
fractions collected from the column was carried out with 0.01 
N NaOH rather than O.OO5 N Ba(0H)2 to a phenol red end point 
as opposed to a cresol red end point. The procedure permitted 
purification of as much as O.5 mmole of acetic acid without 
overloading the column. 
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7. Deprotelnlzatlon 
Whole cell supernatant dilutions were clarified with 
Zn(0H)2 by the procedure of Neish (50)- Cell-free extracts 
were deproteinized by adding an equal volume of 0.6 M HCIO^ 
and removing the ClO^- as the potassium salt by adjusting the 
pH to 6.5 with 1 N KOH. 
8. Enzyme assays 
All spectrophotometric determinations were performed at 
room temperature using a Beckman DB spectrophotometer. 
Glucose-6-phosphate dehydrogenase was assayed by follow­
ing the reduction of NADP or NAD at 340 m/* with G-6-P as the 
substrate. 
Hexokinase was assayed by coupling the conversion of 
glucose + ATP to glucose-6-phosphate (G-6-P) to the glucose-
6-phosphate dehydrogenase assay. 
Phosphoglucomutase was assayed by coupling the conversion 
of glucose-l-phosphate (G-l-P) to G-6-P to the glucose-6-
phosphate dehydrogenase assay. 
Phosphofructokinase was determined by measuring the 
Increase in alkali labile phosphate resulting from the incuba­
tion of P-6-P and ATP in the presence of hydrazine. Aldolase 
was determined by the procedure of Sibley and Lehninger (59) or 
by measuring the increase in alkali labile phosphorus. 
D-glyceraldehyde-3-'Phosphate dehydrogenase was determined 
by measuring the reduction of NAD according to the procedure 
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of Velick (6?). Triose phosphate isomerase was measured by 
substituting dihydroxyacetone phosphate as the substrate in 
the previous assay. 
Phosphoglyceromutase, enolase, and pyruvic kinase were 
assayed by following the conversion of 3-phosphoglyeerie acid 
(3-PGA) to pyruvate. 
6-Phosphosluconate dehydrogenase was assayed by following 
the reduction of NADP or NAD with 6-PG as the substrate. 
The enzymes of the pentose cycle, phosphoriboisomerase, 
phosphoketoepimerase, transaldolase, and transketolase were 
assayed by following the formation of sedoheptulose-7-phosphate, 
triose phosphate and hezose phosphate from ribose-5-phosphate 
(R-5-P) under anaerobic conditions. 
The Entner-Doudoroff enzymes, 6-phosphogluconic acid 
dehydrase, and 2-keto-3-deoxy-6-phosphogluconic acid aldolase 
were assayed by measuring the pyruvate formation when the cell-
free extract was incubated with 6-.phosphoglmconic acid and 
2-keto-3-deoxy-6-phosphogluconic acid, respectively. 
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IV. RESULTS 
A. Radiorespirometrlc Experiments 
12L 1. Glucose-C 
The radiorespirometric patterns for the utilization of 
glucose by several strains of the brucellae are shown in 
Figures 9. 10, 11, and 12. The reference strain of each 
species (except for B. abortus) as suggested by the World 
Health Organization Expert Committee on Brucellosis (80) 
was selected as being representative of the species, ^^^^2 
samples from the series of concurrent experiments with D-
glucose -1-, -2-, -3-, -3(4)-, and were collected at 
hourly Intervals. The data are plotted as the per cent of 
the radioactivity of the initial glucose versus time (in 
hours) to display the kinetics of the release of C^^02' 
Each flask contained 2 ml. of a cell suspension (O.D. 
of 1:50 dilution at 620 m/.-.19), harvested in the log phase 
of growth and resuspended in carbohydrate-free medium. The 
cells were incubated with 50 /*moles of D-glucose for 8 hours 
at 3?° C. with an aeration rate of about 50 ml. per minute. 
l4 The distribution of glucose-C into COg, cells, and the 
medium at the end of each respective radiorespirometrlc exper­
iment is shown in Tables 8, 9, 10, and 11. 
The radiorespirometrlc patterns of B. suis (1330) varied 
l4 
slightly from that of the other species. The yield of C Og 
from C-4 was greater than that of C-3 suggesting that the ED 
Figure 9. The radiorespirometric patterns for the utiliza­
tion of glucose by B. abortus (S-I9). The numbers 
refer to the position of the in the isotopic 
glucose. 
INTERVAL YIELD OF c'^02 
OF RADIOACTIVITY OF INITIAL GLUCOSE) 
Figure 10. The radiorespirometric patterns for the utiliza­
tion of glucose by B. abortus (23O8). The numbers 
refer to the position of the in the isotopic 
glucose. 
g INTERVAL YIELD OF c'^02 
m (% OF RADIOACTIVITY OF INITIAL GLUCOSE) 
Figure 11. The radiorespirometric patterns for the utiliza­
tion of glucose by B. melltensls (16m). The 
numbers refer to the position of the in the 
isotopic glucose. 
INTERVAL YIELD OF c'^02 
(%0F RADIOACTIVITY OF INITIAL GLUCOSE) 
Figure 12. The radiorespirometric patterns for the utiliza­
tion of glucose by B. suis (1330). The numbers 
refer to the position of the in the isotopic 
glucose. 
INTERVAL YIELD OF C Og 
{% RADIOACTIVITY OF INITIAL GLUCOSE) 
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Table 8. Incorporation of glucose-C^^ into CO2, cells, and 
medium by B. abortus (5-19) 
Distribution of radioactivity {%) 
14 O2 Cells Med Total 
Glucose-l-cl^ 87 9 4 100 
Gluco8e-2-cl4 64 27 9 100 
Gluoo8e-3-cl4 It, 55 ^ 37 6 98 
Gluco8e-3(4jrC^ 50(46)* 3^ 14 98 
G l u c o s e - 4 - c i 7  ^ 3 ?  -  -  -
Gluco8e-6-cl4 25 51 24 100 
^Corrected for 93$ of the radioactivity in C-3 and C-4. 
^Calculated from data obtained with glucose-3-C^^ and 
glucose-3(4)-Cl^. 
Table 9. Incorporation of glucose-C^^ into CO?, cells, and 
medium by B. abortus (23O8) 
Distribution of radioactivity {%) 
C^^02 Cells Med Total 
Glucose-l-C^f 76 9 15 100 
Gluco8e-2-Cl4 62 26 11 99 
Gluco8e-3-Cl4 54 39 7 100 
Gluco8e-3(4)-cl4 49(45)* 36 13 98 
Gluco8e-4-Ciyt 36 - - -
Gluco8e-6-Cl4 21 49 28 98 
^Corrected for 93% of the radioactivity in G-3 and C-4. 
^Calculated from data obtained with glucose-3-C^^ and 
gluco8e-3(4)-cl4. 
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Table 10. Incorporation of glucose-G^^ into COp, cells, and 
medium by B. melitensis (16M) 
Distribution of radioactivity {%) 
cl'^Og Cells Med Total 
Glucose-l-G^^ 
Glucose-2-C J 
Glucose-3-.C^4 
Glucose-3(4)-Gl^ 
Glucose-4-GÏ4b 
Glucose-6-G^4 
67 
52 
47 
45(41)8 
35 
19 
14 
33 
44 
41 
57 
17 
12 
9 
13 
22 
98 
97 
100 
99 
98 
^Corrected for 93% of the radioactivity in C-3 and C-4. 
^Calculated from data obtained with glucose-3-C^^ and 
gluco8e-3(4)-cl4. 
Table 11. Incorporation of glucose-C^^ into GO , cells, and 
medium by B. suis (1330) 
Distribution of radioactivity {%) 
C^^Og Cells Med Total 
l4 Glucose-l-G^. 
Glucose-2-C^]; 
Glucose-3-C^ . 
Glucose-3(4)-C^ 
67 14 18 99 
46 38 17 101 
41 46 12 99 
47(43)* 40 13 101 
Glucose-4-C^4b 
Glucose-6->C^4 
47 
24 59 17 100 
^Corrected for 93% of the radioactivity in G-3 and C-4. 
^Calculated from data obtained with glucose-3-C^'^ and 
glucose-3(4)-Gl4. 
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pathway may play a greater role in the glucose catabolism; 
however, the radiorespirometric data of B, suis in the medium 
salts buffer resemble those of B, abortus (8-19) in the medium 
used for growth of the brucellae. A comparison of B. suis 
(1330) smd. B. abortus (8-I9) in growth and resting cell condi­
tions is shown in Table 12, 
l4 Table 12, Comparison of glucose-C incorporation into CO?, 
cells, and medium by B. suis (1330) and B. abortus 
(8-19) 
Distribution of radioactivity 
Cells Med Total 
B. suis (1330) 
Glucose-l-C^^, growth 
Glucose-2-C^j, growth 
Glucose-6-cl^, growth 
Glucose-l-C^^, 
resting cells 
Glucose-2-cl^, 
resting cells 
Glucose-6-cl^, 
resting cells 
B. abortus (S-I9) 
Glucose-l-C^^, growth 
Glucose-2-cl^, growth 
Glucose-3(4)-cl4, 
growth 
Glucose-2-C^^, 
resting cells. 
Glucose-3(4)-Cl4, 
resting cells 
67 
46 
24 
87 
71 
36 
87 
65 
50 
74 
47 
14 
38 
59 
6 
19 
37 
9 
26 
34 
16 
21 
18 
16 
17 
7 
10 
27 
4 
10 
14 
10 
30 
99 
100 
100 
100 
100 
100 
100 
101 
98 
100 
98 
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Note that there was not a major difference in the data 
obtained with B. abortus (8-19) when the radiorespirometric 
experiments were carried out in growth medium or medium salts 
buffer whereas the differences in B. suis (1330) were quite 
marked, 
2. Pyruvate and acetate~C^^ 
The interpretation of the radiorespirometric data would 
be simplified by documenting separately the terminal pathways 
yielding CO g as an end product. The primary pathways (EI-lP 
and ED pathways) yield pyruvate, the initial substrate of the 
TCA cycle. The TCA cycle was demonstrated in B. abortus (8-19) 
using pyruvate and acetate specifically labeled with 
Cells for these experiments were grown with glucose as the 
carbon source. Each flask contained 2 ml. of a cell suspension 
(O.D. of a 1:50 dilution at 620 my—.lS), harvested in the log 
phase of growth and resuspended in carbohydrate-free medium. 
The cells were incubated with 100 jwnoles of pyruvate or acetate 
for 8 hours at 37° C. with an aeration rate of about 50 ml. per 
Ik 
minute. The distribution of pyruvate and acetate-C into 
CO2» cells, and the medium buffered at pH 6.6 is shown in 
Table 13. Not enough pyruvate was catabolized to make the 
differences large enough for interpretation since the radio­
respirometric technique makes use of both the rate and total 
yield of C^^Og. 
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Table I3. Incorporation of pyruvate and aoetate-C^^ into CO?, 
cells, and medium by B. abortus (S-I9) 
Distribution of radioactivity (%') 
Cells Med Total 
14 
Pyruvate-1-C 14 2 83 99 
Pyruvate-2 9 5 85 99 
Pyruvate-3-0^^ ? 6 88 101 
Acetate-l-C^^ 67 24 8 99 
Acetate-2-C^^ 44 31 24 99 
Altenbern and Housewright (2), Gerhardt et a2. (22), 
and Meyer and Cameron (46), have shown oxidation of several 
TCA cycle intermediates to be strikingly dependent upon pH. 
To determine whether the same effect could be observed with 
respect to COg evolution, three pH values were chosen for 
study. The distribution of pyruvate and acetate-C^^ into 
CO2» cells, and the medium buffered at pH 5'5t pH 6.6, and 
pH 7.4 is shown in Table 14. 
The Initial radiorespirometric experiment involving the 
catabolism of pyruvate and acetate in B. abortus (S-19) was 
repeated with the medium buffered at pH 5-5' The radiorespi­
rometric patterns for the utilization of pyruvate and acetate 
are shown in Figures I3 and 14, respectively. The distribution 
Figure I3. The radiorespirometric patterns for the utiliza 
tion of pyruvate by B. abortus (S-19). 
INTERVAL YIELD OF C Og 
(7o OF RADIOACTIVITY OF INITIAL PYRUVATE) 
Figure 14. The radlorespirometric patterns for the utiliza 
tion of acetate by B. abortus (8-19). 
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14 Table 14. The effect of pH on pyruvate and acetate-C 
Incorporation into COg, cells, and medium by 
B. abortus (3-19) 
Distribution of radioactivity (%') 
Cells Med Total 
14 Pyruvate-2-C » PH 5.5 21 9 69 99 
Pyruvate-2-C^^ , pH 6.6 9 5 85 99 
Pyruvate-2-C^^ , pH 7.4 4 3 91 98 
Acetate-l-C^^, pH 5.5 75 18 11 104 
Acetate-l-C^^, pH 6.6 74 21 10 105 
Acetate-1-C^^, pH 7.4 74 18 11 104 
of pyruvate and acetate-G^^ into OOg, cells, and medium is 
shown in Table 15. 
l4 3» Examination of pyruvate and acetate-C radiorespirometrlc 
patterns 
Results of these studies show preferential oxidation of 
C-1 of pyruvate (P-1) through oxidative decarboxylation. The 
greater magnitude of C-2 of pyruvate (P-2) over C-3 (P-3) and 
C-1 of acetate (A-1) over C-2 (A-2) as C^^Û2 is in agreement 
with the accepted mechanism of the TCA cycle. In fact, the 
ratio Pg/P^ should equal A^/A2 since these positions are 
equivalent if acetate (or acetyl-CoA) is the product of pyru­
vate decarboxylation. The ratio '$2/^-^ was calculated from the 
release of C^^02 as shown in Table 15, to be 1.64, and the 
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1 h. 
Table 15. Incorporation of pyruvate and acetate~C into 
COg, cells, and medium by B. abortus (8-19) 
Distribution of radioactivity (%) 
Cells Med Total 
l4 Pyruvate-l-C 36 6 61 103 
1 4 Pyruvate-2-C 22 11 66 99 
Pyruvate-3-G^^ 13 15 71 99 
1 h. 
Acetate-l-C 71 18 10 99 
Acetate-2-C^^ 44 33. 27 104 
ratio A1/A2 was I.63. The Incorporation data show that C-3 
of pyruvate and C-2 of acetate are routed into cellular bio­
synthesis. 
4. Examination of glucose-C^^ radiorespirometric patterns 
Considerable Information is depicted by the radiorespiro-
metric patterns which show a preferential release of C-1 
followed by C-2>C-3>C-4>C-6. These patterns fit two model 
systems: 1) operation of the HMP pathway in conjunction with 
the TCA cycle, or 2) concurrent operation of the Hi® pathway 
and the Entner-Doudoroff pathway in conjunction with the TCA 
cycle. 
There is no metabolic equivalence as C^^Og between C-1 
and C-4" or C-1 and C-6; thus, a direct oxidative pathway such 
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as the HiyiP pathway must be operative. The relatively low 
yield of C 0^ from C-3 opposed to C-2 and particularly C-1, 
suggests that glycolysis does not play an important role, if 
any, in the catabolism of glucose. The preferential release 
of C^^02 from C-3 and C-4 would be realized from operation of 
the E# pathway. The radiorespirometric data do not eliminate 
one of the above models; therefore, the exact nature of the 
pathways of glucose catabolism in the brucellae cannot be 
defined without additional information. 
B. Isotope Incorporation Studies 
1. Inhibition by arsenite 
Pyruvate usually does not accumulate in culture super-
natants of microorganisms; however, it is possible to block 
pyruvate catabolism using arsenite as an inhibitor. Trivalent 
arsenicals form stable ring structures with dithiol compounds 
such as reduced lipoic acid, a cofactor in the pyruvic acid 
oxidase reaction. The combination is not reversed by the 
addition of a monothiol compound. The effect of other inhib­
itors on the oxidation of glucose, in addition to arsenite, was 
also studied. One-thousandth M iodoacetate and 0.005 M sodium 
arsenite inhibited the oxidation of D-glucose about 50%» while 
NaF had no effect. Results of a typical experiment are shown 
in Table 16. The values represent a 1 hour period in which 
the O2 uptake was linear after addition of the inhibitor. 
Cells for these experiments were suspended in the medium salts 
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Table l6. iCffect of metabolic inhibitors on B. abortus (S-19) 
QOg Cw/Op uptake/mgN. hr.) 
D-glucose 239 
D-glucose + 0. 001 M iodoacetate 130 
D-glucose 0. 005 M sodium arsenite 120 
D-glucose •f 0. 02 M sodium fluoride 237 
which served as the buffer with 1 ml. of the cell suspension 
(7.5 mg. dry wt.) added to a double side arm Warburg flask-
Fifty /imoles of D-glucose were placed in one arm and the 
inhibitor in the other. The total volume was 3.2 ml. 
Various conditions of arsenite inhibition were studied in 
an attempt to favor pyruvate accumulation. If the arsenite 
were added simultaneously with the glucose, only a trace of 
pyruvate was found. About 1 ^ mole of pyruvate for each 2 
/tmoles of glucose that was metabolized could be demonstrated 
if the inhibitor was tipped O.5 hour before the substrate. 
Inhibition of pyruvate catabolism by arsenite is directly 
related to the endogeneous metabolism of the brucellae. If 
a cell suspension of B. abortus (S-I9) is aerated for O.5 hour 
before tipping in the arsenite, followed by the substrate O.5 
hour later, the yield of pyruvate is reduced to 1/3 the amount 
usually observed. Cell suspensions placed in the cold room 
for 3-7 days are severely inhibited by arsenite forming only 
a trace of pyruvate. Isolation of pyruvate after incubation 
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with glucose-C^^ plus 0,005 M arsenite is shown in Table 17. 
Each flask contained 4 ml. of a cell suspension (30 mg. dry 
wt.) harvested in the log phase of growth and resuspended in 
the medium salts buffered at pH 6.6. The cells were incubated 
with 50 juunoles of D-glucose for 8 hours at 37° C. with aera­
tion at about 50 ml. per minute. The arsenite was tipped in 
0,5 hour before the substrate with 0.5 hour previous aeration 
in Experiment 2. 
Table 17. Pyruvate accumulation by arsenite-poisoned B. 
abortus (8-I9) 
Experiment 1 Initial c.p.m./x 10^ c.p.m. as pyruvate 
Glucose-l-C^^ 1.16 2,150 
Glucose-2-cl4 1.19 7,240 
Glucose-3-cl4 0.7 2,400 
Glucose-6-cl4 1.07 200.500 
yUmoles of glucose metabolized 37.3 
jumoles of pyruvate found 18.1 
Experiment 2 Initial c.p.m./x 10^ c.p.m. as pyruvate 
Glucose-l-cl^ 11.7 11,408 
Glucose-2-C:^ J; 11.8 42,755 
Glucose-3-C^^ 7.0 8,619 
Glucose-6-cl4 0.55 33,897 
jWmoles of glucose metabolized 
/Lmoles of pyruvate found 
29 
4.5 
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Pyruvate accumulation studies were extended to B. suis 
(1330) in which the radiorespirometric patterns differed 
slightly from the other species. B. suis (1330) was inhibited 
by arsenite with almost no evolution and severe inhibi­
tion of glucose utilization. 
2, Degradation of pyruvate 
Degradation of the pyruvate isolated from culture super-
natants suggested contamination with another ^ -keto acid, 
14 probably cj-keto-glutarate. Glucose-l-, -2-, or -3-C 
yielded an insignificant number of c.p.m. as pyruvate; there­
fore, purification of the phenylhydrazone by paper chromato­
graphic techniques did not seem practical. The pyruvate 
degradation results are shown in Table 18. 
Since the expected yield of the eerie decarboxylation was 
about 71^» the yield of from degradation of the pyruvate 
isolated after incubation with glucose-l-C^^ was high, and the 
acetate yield from degradation of the pyruvate isolated after 
incubation with glucose-2- and -3-C^^ was low. The results of 
the degradation of the pyruvate isolated after incubation with 
glucose-6-C^^ were as expected suggesting that no unknown path­
way was operative in B, abortus (8-19). 
3. Incorporation into alanine 
The incorporation into cellular alanine was examined 
because of its close metabolic relationship to pyruvate. Cells 
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Table 18. Degradation of pyruvate isolated from culture 
supernatant of arsenite-poisoned B. abortus (8-19) 
G-l-C^^ G-2-C^^ G-3-C^^ G-6-C^^ 
Initial level 
( c.p.m. ) 
12 ,380 47 ,000 11,739 143,493 
C-1 as 
( c.p.m. 
9 ,678 6 ,975 1,596 7,253 
Acetate recovery 
( c.p.m. ) 
2 ,850 11 ,280 2,953 86,025 
% yield of acetate^ - 30 29 60.5 
C-2 as CO? 
(c.p.m. 
115 - — 5,362 
% Distribution 
GOGH 
C=0 
CH3 
- - -
CO 
CO 
^Prom eerie decarboxylation. 
^64^ expected. 
°Prom Schmidt degradation-
from a radiorespirometric experiment were harvested after the 
cessation of evolution by centrifugation, washed with 
0.8^ NaCl, and hydrolyzed in a sealed tube with 6 N HCl at 
121° C. for 12 hours. The TCA cycle amino acids (alanine, 
aspartlc acid, and glutamic acid) were isolated by preparative 
paper chromatographic techniques as shown in Table 19, 
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Table 19. Isolation of alanine, aspartic acid, and glutamic 
acid from B. abortus (8-19) 
G-l-cl4^ G-2-C^^^ G-6-C^^^ 
Initial 4.02 X 10^ 3.80 % 10^ 5.12 X 10^ 
As 3.4? z 10^ 2.47 z 10^ 1.20 X 10^ 
In cells 332,740 874,630 1,707,040 
In cells^ 12 5,440 483,160 1,339,740 
Aspartic acid 2,374 4,435 142,272 
Glutamic acid 954 4,077 110,894 
Alanine 1.347 8,300 104,800 
^All values expressed as c.p.m. 
^After acid hydrolysis. 
It should be noted that G-1, C-2 or C-3 do not contribute 
significantly to the labeling of alanine in support of the 
pyruvate accumulation studies. The c.p.m. Isolated in the 
alanine from glucose-6-C^^' represent a limiting value because 
aliquots were withdrawn at each purification step for amino 
acid determination. 
4. Degradation of alanine 
Results of the degradation of the cellular alanine are 
shown in Table 20. The alanine was not sufficiently pure for 
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Table 20, Degradation of alanine isolated from B. abortus 
(8-19) ~ 
G-l-cl^G G-2-Cl4* G-6-C^^^ 
Initial level 1,212 3,773 94,320 
C-1 as 352 422 3,837 
C-2 and C-3 as acetate 126 312 72,590 
% yield of acetate^ 15 13 83 
^All values expressed as c.p.m, 
%lnhydrln decarboxylation. 
^8^'% expected. 
degradation and was complicated by extremely low incorpora­
tion from C-1 and C-2. 
Isotopic incorporation into alanine from glucose-6-C^^ 
was 200-fold greater than from glucose-l-C^^, 
C. Trapping Experiments 
Further data on the pathways of glucose catabolism in 
B. abortus (8-19) were obtained by isolation of acetic acid 
after catabolism of D-glucose-1-, -2-, and -6-C^^. In these 
experiments, 60 mg. (dry wt.) of cells were added to 20 ml. of 
0.067 M KgHPG^i (pH 6.7) -0,3% NaCl containing 100 ytmoles of 
glucose-C^^ and 800 jumoles of "cold" acetate and incubated 
for 8 hours. Acetate does not accumulate during growth of 
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B. abortus (8-19) or during resting cell conditions; therefore, 
the "cold" acetate served as a trap to dilute any acetate that 
was excreted into the medium. The residual acetate was 
isolated by steam distillation, purified by celite chromato­
graphy, and degraded to find the distribution of radioactivity 
as shown in Table 21. 
Table 21. Acetate formation from glucose carbon 
G»l=C^^ G-2-G^^ G-6-C^^ 
D-glucose (initial c.p.m. x 10^) 3.5 3.^5 1.26 
Glucose catabollzed (/nmoles) 62.2 62.2 65 
Acetate catabollzed (/tmoles) 4-30 440 430 
Residual acetate (c.p.m.) 1,800 7,400 20,100 
Isotope distribution pattern in acetate 
ŒJ CO OH 
Glucose-I-C^^ 99 1 
Glucose-2-C^^ 27 73 
Glucose-6-C^^ 99 1 
The acetate produced by B. abortus (S«19) from glucose-2 
was predominantly carboxyl labeled, eliminating the 
heterolactic fermentation mechanism. The distribution of 
in the labeled acetate reflects recycling of glucose in the 
pentose cycle. These data served to eliminate alternate 
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mechanisms of glucose catabolism but did not establish whether 
the ED or EI# pathways are operative in the brucellae. 
D. Cell-free Studies 
1. Comparison of methods for cell disruption 
Data obtained from the degradation of the pyruvate 
isolated from culture supernatants of arsenite-poisoned cells 
and degradation of the cellular alanine Isolated from cell 
hydrolysates suggested that neither the EMP pathway nor the 
ED pathway was operative in B. abortus (8-19). The radio-
respirometric data does not favor one model system proposed 
to fit the observed results over the other; thus, the use of 
cell-free enzyme extracts was invoked to clarify the radio-
respirometric data. In order to obtain cell-free prepara­
tions with activity comparable to that of whole cells, several 
methods of cell disruption were examined, with D-glucose chosen 
as a substrate for comparison studies. Sonic radiation, the 
Ribi cell fractionator and the cell homogenizer yielded 
preparations with varying amounts of activity. 
Altenbem and Housewright (2) and Gerhardt et al. (22) 
have reported slight oxidative activity on the TCA cycle 
intermediates with sonic radiated preparations of B. abortus 
(8-19). Gerhardt et (22) reported no activity on D-
glucose. 
a. Sonic radiation Sonication in phosphate buffer 
yielded inactive preparations unless 0.02 M sodium fluoride 
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(NaF) was present during the assay; furthermore, no increase 
in activity was observed when the cells were disrupted in the 
presence of 0.02 M NaF. The oxygen uptake in the soluble 
fraction was about 20-30^ of that of an equivalent amount of 
whole cells. Sonication in tris-(hydroxymethylaminomethane) 
(Tris) Increased the activity to about 50^ of that of a whole 
cell control; however, NaF was still required for maximum 
activity. These data suggested the presence of a cation-
stimulated adenosine triphosphatase (ATPase) or phosphatase. 
Supplementation with cysteine did not increase the activity. 
A typical experiment showing the effect of NaF and magnesium 
ion on the oxidation of D-glucose is found in Table 22 in 
which a standard cell suspension (7«5 mg. dry wt./ml.) was 
sonicated for 15 minutes in Tris buffer (pH 7.4) containing 
10"*^ M Cleland's reagent (dithiothreitol) and 100 /*g./ml. of 
niacinamide. 
b. Ribi cell fractionator Preparations with increased 
enzymatic activity were obtained with the Ribi cell fraction­
ator. Dilute suspensions (5 mg./ml.) were required to effect 
disruption of the cell wall and extrusion of the cytoplasm 
into the supernatant. The preparation was extremely viscous 
after disruption. Digestion of about 60 ml. of extract with 
15 jug, of DNAase I (Worthington) reduced the viscosity and 
yielded a preparation which could be centrifuged to give a 
soluble and a particulate fraction. Assays of these fractions 
singly and in combination are shown in Table 23. 
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Table 22, Activity in soluble fraction after sonication of 
B. abortus (S-19) 
Experiment no, 4 x 10~3 0.02 jjI, Og 
M Mg-H- M NaF uptake/nr. 
1 - - 33 
2 + - 95 
3 - + 39 
4 + + 139 
Whole cell control 239 
-(7.5 mg. dry wt.) 
The assay mixture in a 3 -ml. volume included 1 ml, of 
cell-free extract (in 0.1 M Tris at pH 7«4 centrifuged at 
7,500 X g. for 20 minutes), 10 ^ moles of NAD, 5 Aboies ATP, 
12 /tmoles of MgCl2*6H20, 0.6 /tmole ]yinSOij,»HpO, 300 >ig. niacin­
amide, 25mole s phosphate (NH^.^) (pH 7*4), 0.3,^mole Cleland' 
reagent, 60 ju.moles NaP, and 25 /tmoles D-glucose. The center 
well contained 0,2 ml. of 3 N KOH. 
Table 23. Disruption of B. abortus (S-19) with the Ribi cell 
fractionator 
Exp. Super- Partie- 0.02 M jtxl. O2 % Activity 
no. natant ulate NaF uptake/hr. of whole cells 
1 + — — 32 27 
2 + — + 19 
3 — + - 12 10 
4 - + + 0 
5 + + — 85 71 
6 + + + 63 
Whole cell control (3*75 mg. dry wt.) 119 
The assay mixture in a 3 ml. volume included 0.75 ml. of 
cell-free extract (in 0.1 M Tris, pH 7»4 centrifuged at 7,500 
X g. for 20 minutes), and all other additions as in Table 22 
with NaF where indicated. 
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NaF was slightly inhibitory in this system. Increased, 
activity was observed when the soluble and particulate frac­
tions were combined suggesting that the electron acceptors 
remained in the particulate fraction» The activity could be 
increased to about of that of a whole cell control by 
sonicating the particulate fraction for 2,5 minutes and com­
bining the supernatants. Longer bursts of sonication decreased 
the activity as shown in Table 24. 
Table 24. Sonication of particulate fraction derived from 
the Ribi cell fractionator 
Exp. Rg Sg Bp Sp 0. 02 yU.1. 02 ^ Activity of 
no. M NaF uptake/hr. whole cells 
2.5 minutes sonication 
1 + <a> — — 92 30 
2 + + — - 115 47 
3 + + — - + 106 43 
4 + M OB -f M 120 49 
5 + - + •f 108 44 
5 minutes sonication 
6 + MM — — 53 22 
7 + + - 171 71 
8 + 
-f — — a 88 37 
9 + — "• + - 89 37 
10 + + mm 77 54 
11 Whole cell control 142 
(3.75 mg. dry wt.) 
12 Whole cell control 2# 
(7.5 mg. dry wt.) 
(Table 24 continued on next page) 
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Rg - Rlbi supernatant Sg - Sonicate supernatant 
Rp •= Sibi particulate Sp - Sonicate particulate 
The assay mixture in a 3 ml. volume included a maximum of 
1.5 ml. of cell-free extract supernatant, 0.25 ml, particulate 
fraction (both in 0.1 M Tris, pH 7.4). All other additions as 
in Table 22, All fractions were adjusted to equal the initial 
cell concentration when combined. 
A limiting value of about ^0% of that of a whole cell 
control was obtained as a soluble fraction by sonicating the 
particulate fraction derived from the Ribi cell fractlonator. 
Reconstitution of fractions in which the Ribi particulate 
had been subjected to sonication (Table 24, Experiment No, 10) 
showed that activity was lost during the longer burst of soni­
cation. 
c. MSK cell homogenizer Use of the MSK cell homogen-
izer proved to be a superior method for preparation of cell-
free extracts. A standardized cell suspension of B. abortus 
(S-i9), 7.5 mg. dry wt., was mixed with a calculated amount of 
0.11 mm. Ballontini glass beads to give a 30^ suspension 
(calculated from the total volume of the cell suspension) in 
a 50-ml. flask and cooled to ice-water temperature. The 
buffer for the initial studies was 0.1 M Tris, pH 7.4, con­
taining 100 jtAg./ml. of niacinamide and 10"^ M dlthiothreitol. 
N-2-hydroxyethylpiperazine-N-2-ethanesulfonic acid (HEPES) was 
found to be a superior buffer for preparation of cell-free 
extracts. Most of the results reported herein were secured 
with HEPES. Disruption times in the initial experiments were 
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2 and 5 minutes. The homogenate was allowed to stand to 
settle the beads; the supernatant was decanted off and centri-
fuged at 7,500 % g. for 20 minutes to yield a soluble and a 
particulate fraction. Results of the initial experiment are 
shown in Table 25. 
The amount of protein solubilized by this disruption 
method varied from 2.0 to 2.2 mg./ml, which is 30-33^ of the 
total protein in 7.5 mg. (dry wt.) of whole cells. This is 
less than the value of 75^ soluble protein after sonication 
of Bo suis reported by Roessler (5^)« Disruption for 5 minutes 
appeared necessary to solubilize the electron acceptors. 
2. Oxidation of intermediates 
Cell-free extracts of B, abortus (8-19) oxidized D-
glucose, G—6—P, P—6—P, 6—PG, DL—GLA—3"^, and R—5—P. Little 
activity was observed on P-l,6-diP and none on gluconate plus 
ATP. Results of these studies are shown in Table 26 and 
Figure 15. 
An initial burst of activity was observed with G-6-P and 
F-6-P for 30 to 40 minutes which leveled off and equalled the 
rate observed with D-glucose. Neither pyruvate nor acetate 
was oxidized by the cell-free extract. The cofactors of the 
pyruvic acid oxidase reaction (ThPP, GoA, lipoic acid and FAD) 
were added with no resulting Increase in activity. A rapid 
endogenous reduction of menadione and N-phenazinemethosulfate 
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Table 25. Preparation of cell-free extracts of B. abortus 
(8=19) using the MSK cell homogenizer 
Exp. Super- Partie- >1.0, % Activity of 
no. natant ulate uptake/hr. whole cells 
2 minute disruption 
1 + - 59 25 
2 + 14 
3 + + 198 
5 minute disruption 
4 + - 204 84 
5 - + 4 
6 + + 212 
7 Whole cell control 244 
(7.5 mg. dry vrt. ) 
The assay mixture in a 3 ml. volume contained 1 ml. of 
cell-free extract (in 0.1 M HEPBS, pH 7.4, centrifuged at 
7,500 X g. for 20 minutes), 10 ^ moles NAD, 5 /^moles ATP, 12 
/«.moles MgClg'^HgO, 0.6/^mole MhSO^/HgO, 3OO /*g. niacinamide, 
0,3j*mole Cleland's reagent, 9 ^i^moles glutathione, 25/*moles 
PO^(NH^+) pH 7.4, and 25 >moles D-glucose. The particulate 
fraction was resuspended in 0.25 the original volume and 
added in an equivalent concentration to the supernatant when 
assayed. 
Table 26. Oxidation of phosphorylated intermediates by cell-
free extracts of B. abortus (8-19) 
Substrate ^1. O2 uptake/ml, of extract 
D-glucose 
Gluconate + ATP 
6-phosphogluconate 
Glucose-6-phosphate 
Pructose-6-phosphate 
Pructose-l,5-diphosphate 
Rlbose-5-phosphate 
Glyceraldehyde-3-phosphate 
Endogenous 
The assay mixture was the same as in Table 25. The 
endogenous activity was subtracted in all experiments. 
212 
0 
124 
220 
198 
22 
'g 
Figure 15. Oxidation of phosphorylated intermediates by a 
cell-free extract of B. abortus (S-19). The assay 
mixture was the same as in Table 2 5» 
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was observed but could not be linked to the oxidation of 
pyruvate or acetate. 
Oxidation of the TCA cycle intermediates by the cell-free 
extract is shown in Table 27. 
Table 27. Oxidation of TCA cycle intermediates by cell-free 
extracts of B. abortus (8-19) 
Substrate j/^1. Og uptake/hr./ml. of extract 
Oxalacetate 17 
Citric acid 12 
4-ketoglutarate 4 
Succinic acid 48 
Fumaric acid 42 
Malic acid 20 
The assay mixture was the same as in Table 25. The endog­
enous oxidation was subtracted in all experiments. 
3- Enzyme studies 
Glucose-6-phosphate and 6-phosphogluconic acid dehydroge­
nases were demonstrated spectrophotometrically by reduction of 
NAD or NADP with G-6-P and 6-PG as substrates. Either NADP or 
NAD could serve as cofactor for glucose-6-phosphate dehydroge­
nase which seems to be characteristic of this enzyme from 
bacterial sources. The activity of 6-phosphogluconic acid 
dehydrogenase was considerably lower with both cofactors; 
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however, the Warburg data suggested the physiological cofactor 
to be NAD. NADH oxidase activity in the cell-free extract 
could be reduced 60-70^ by centrifugation at 20,000 x g. for 
20 minutes. The 20,000 x g. supernatant was used for most 
of the spectral studies. 
Hexokinase was demonstrated by coupling the conversion 
of D-glucose + ATP to G-6-P to the glucose-6-phosphate 
dehydrogenase reduction of NADP. Although the initial rate 
was low, a linear rate was observed after the first 3 minute 
interval. Use of the bicarbonate kinase assay of Colowick and 
Kalckar (11) was complicated by high ATPase activity in these 
extracts. 
Phosphohezose isome rase was demonstrated by NAD or NADP 
reduction at 3^0 through coupling the conversion of P-6-P 
to G-6-P to the glucose-6-phosphate dehydrogenase assay. The 
rate of NAD reduction was not affected by the presence of 
0.001 M iodoacetate eliminating the possibility that the re­
duction was due to the oxidation of D-GLA-3-P formed by the 
action of phosphofructokinase and aldolase. 
Phosphoglucomutase was demonstrated by coupling the 
conversion of G-l-P to G-6-P to the glucose-6-phosphate dehy­
drogenase assay. A linear rate was observed after the first 
3 minute interval. 
The assay for phosphofructokinase and aldolase involved 
trapping the triose phosphates with hydrazine after incubation 
with P-6-P + ATP and F-l,6-diP, respectively. Phosphofructo-
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kinase was absent in these extracts or destroyed during the 
disruption process. The level of substrate and quantity of 
cell-free extract was increased to favor product formation, 
yet no increase in alkali labile phosphorus was observed. 
Weak aldolase activity could be detected using the same experi­
mental conditions. 
D-slyceraldehyde-3-phosphate dehydrogenase was demon­
strated by following the rapid reduction of NAD at 3^0 oja. The 
enzyme appeared to be specific for NAD and the reaction rate 
was increased upon supplementation with arsenate. Sufficient 
activity was present to mask the NADH oxidase present in the 
extract. 
Triose phosphate isomerase was demonstrated by sub­
stituting DHA-P for D-GLA-3-P in the previous assay. The 
initial rate was not affected by the presence of 0.05 M arsen­
ate; however, a linear rate was observed up to 15 minutes 
suggesting that the reaction was being driven towards comple­
tion. The results of the several spectral assays are shown 
in Figures l6, 1?, 18, and 19 and Table 28. 
The latter reactions of glycolysis, phosphoglyceromutase, 
enolase, and pyruvic kinase were demonstrated by following the 
conversion of 3-PGA to pyruvate. Pyruvate was identified by 
its functioning as a substrate for lactic acid dehydrogenase. 
The results are shown in Table 29. 
Figure 16. Glucose-6-phosphate dehydrogenase and phospho-
hexose isomerase activities in a cell-free 
extract of B, abortus (8-19). The assay mixture 
was the same as in Table 28. 
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Figure 17. 6-Phosphogluconic acid dehydrogenase activity in 
a cell-free extract of B, abortus (8-19). The 
assay mixture was the same as in Table 28. 
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Figure 1?. 
Figure 18. D-Glyceraldehyde-3-phosphate dehydrogenase and 
triose phosphate isomerase activities in a cell-
free extract of B. abortus (S-19)- The assay 
mixture was the same as in Table 28. 
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Figure 19. Aldolase and phosphofructokinase activities In a cell-free extract of 
B. abortus (S-19). The reaction mixture In a 6 ml. volume contained 
2.0 ml. of cell-free extract (4 mg. protein), 20^moles of substrate, 
24 /imoles MgCl2' 6H20, 1.2>moles MnS0^*H20, 18 /«moles glutathione, 0.6 
>»mole dlthlothreltol, and 6OO /*g. niacinamide, plus 200 jumoles hydra­
zine . 
moles ALKALI LABILE PHOSPHORUS 
Q. 
06 
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Table 28, Dehydrogenase assays in B. abortus (S-19). 
Substrate AO.D. at 3^0 m/t/3 minutes 
Glucose + ATP + NAD 
G-6-P + NADP 
G—6—P + NAD 
+ 
+ 
4" 
.03 
.323 
.305 
P-6-P + NADP 
P-6-P + NAD 
P-6-P + WAD + 0.001 H iodoacetate 
+ 
+ 
.238 
.243 
. 266 
G-l-P + KADP + . 06 
6-PG 4- NADP 
6-PG + NAD 
+ 
+ 
.032 
.024 
R-5-P + NAD + 0.05 M sodium arsenate + .069 
DL-G1A-3-P + NAD + O.OI6 M P0j^(NHh + ) 
DL-G1A-3-P + NADP + 0.0l6~M PO^ (NH4+) 
DL-G1A-3-P + NAD + 0.05 M sodium arsenate 
+ 
+ 
.365 
.022 
.52 
DHA-P + NAD + 0,016 M POK(NH.+) 
DHA-P + NAD + 0.05 M sodium arsenate 
+ 
+ 
00 
o
o
v
o
 
0
 0
 
P-l,6-diP + NAD + 0.05 M sodium arsenate 
(0.5 ml. of cell-free extract) 
+ .016 
NADH (7,500 X g. supernatant) - .29 
NADH (20,000 x g. supernatant) - .09 
The assay mixture in a 3 ml. volume contained 0.1 ml, of 
cell-free extract (in 0.1 M HEPES centrifuged at 20,000 x g. 
for 20 minutes), 100 ^imoles" HEPES, O.J jumole Cleland's reagent, 
300 ytg. niacinamide, 1 ^ ole NAD or KADP, 2 /imoles ATP where 
indicated, 12 /imoles MgCl2'6H20, 0.6 /xmole MnSO^'HpO, 9 >moles 
glutathione and 10 /u mole s of substrate. 
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Table 29. Pyruvate formation from 3-PGA in cell-free extracts 
of Bo abortus (8-19) 
Exp. 
no. Assay components (/^moles) (/tmoles) (j*moles) 
1 NAD, ATP + 
sodium arsenite 
nil -
2 3 PGA + 
sodium arsenite 
2.2 10.9 20.9 
3 3 PGA + NAD + ATP + 
sodium arsenite 
11.8 34.9 43.4 
4 3-PGA + ADP + 
sodium arsenite 
19.4 40.0 49.7 
The reaction mixture included in a 6 ml. volume 2 ml. 
of cell-free extract (in 0.1 M HSPES, pH 7.4, centrifuged at 
7,500 X g. for 20 minutes), 20" >imoles NAD, 10 >moles ATP or 
ADP, 24 jumoles I^gClp*éHpO, 1.2^moles MhS0^/H20, 600 >tg. 
niacinamide, 50 ;i* mole s PO^ (NHi^"^), 30 >imoles sodium arseni te, 
18/tmoles glutathione, 0.6 mole Cleland's reagent, and 50 
>imoles 3 PGA. 
The addition of ADP as an acceptor in the pyruvate kinase 
reaction increased the yield of pyruvate early in the reaction; 
however, the effect was not as marked at 5 hours. 
The key enzymes of the HMP pathway, transaldolase, trans-
ketolase, phosphoriboisomerase, and phosphoketoepimerase were 
demonstrated by following the appearance of sedoheptulose and 
hexose phosphate during the anaerobic dissimilation of H-5-P. 
Sedoheptulose was identified by the characteristic absorption 
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Table 30, Anaerobic dissimilation of ribose-5-phosphate 
0 7.5 15 30 45 
min. min. min. min. min. 
Pentose 40 18 10.6 4.1 3.6 
Sedoheptulose-7-P 0 2.0 3.0 2.5 1.5 
Hexose phosphate 5.4 8.2 15.8 30.7 32.5 
Triose phosphate 0 2.4 3.5 2.2 1.5 
>unoles of 232.4 161.9 179.3 228.8 228.0 
The assay mixture in a 6 ml. volume included 2 ml, of 
cell-free extract (4,3 mg. of protein in 0.1 M HEPES, pH 7.4, 
centrifuged at 7,^00 x g. for 20 minutes), 24 >tmoles Mg CI2* 
6H2O, 1.2 ^ moles lyihSO/^'HgO, 18 ^ w-moles glutathione, 600 >tg. 
niacinamide, 0.6 ^ mole Cleland's reagent, and 40 jitmoles R-5-P. 
spectrum in the cysteine-sulfuric acid reaction. Results of 
a typical experiment are shown in Table 30. 
The accumulation of hexose phosphate and the transient 
appearance of sedoheptulose-7-phosphate is consistent with 
the operation of the HMP pathway. 
The enzymes of the Entner-Doudoroff pathway were assayed 
by following the pyruvate formation from 6-phosphogluconate 
and 2-keto-3-deoxy-6-phosphogluconate (KDPG) in the presence 
of arsenite. Pyruvate added to the cell-free extract did not 
disappear under these conditions. An equal molar amount of 
pyruvate and D-glyceraldehyde-3-phosphate (if hydrazine were 
present to trap the triose phosphate) should be formed with 
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Table 31» 6-Phosphogluconate metabolism by cell-free extracts 
of Bo abortus (8-19) 
Exp. 
No. 1 
Exp. 
No. 2 
Exp. 
No. 3 
Exp. 
No. 4 
6-PG + sodium 
arsenite 
6-PG + NAD + 
sodium arsenite 
6-PG + NAD + ATP + 
sodium arsenite 
KDPG + sodium 
arsenite 
0.4 
/tmoles 
4.3 
0.36 
^moles 
5.2 
6.3 
0 . 2 4  
^moles 
3.9 
3.15 
0.28 
/tmoles 
3.06 
3.51 
3.15 
Reaction time 2.5 hours 3 hours 2 hours 2 hours 
The reaction in a 3 #1* volume contained 1 ml, of cell-
free extract (2.2 mg. of protein in 0.1 M HEPES, pH 7.4, 
centrifuged at 7,500 x g. for 20 minutesj, 12 jwmoles MgClg* 
6H2O, 0.6 ^ mmoles MnS04/H20, 9 ^ imoles glutathione, 3OO /*g. 
niacinamide, 0.3;umole Cleland's reagent and 10mole s 6-PG. 
The concentration of KDPG was 5»4-6.4 /imoles. 
either 6-PG or KDPG as the substrate. The effect of cofactors 
on 6-phosphogluconate metabolism in cell-free extracts was 
examined as shown in Table 3I. 
Only trace amounts of pyruvate were formed from 6-PG in 
the absence of added NAD in 3 hours as evidence that 6-phospho-
gluconic acid dehydrase does not play an important role in the 
glucose metabolism of B. abortus (S-19). Little O2 uptake 
occurred in the absence of added NAD as shown in Figure 20, 
The finding of pyruvate after incubation of the cell-free 
Figure 20. Effect of cofactors on the oxidation of 6~phospho-
gluconic acid by a cell-free extract of B. abortus 
(8-19)• The assay mixture was the same as in 
Table 2^. 
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extract with KDPG demonstrated the presence of KDPG aldo­
lase, 
Kovachevlch and Wood (38) have found the order of addition 
of reactants to be important during the assay of 6-phospho-
gluconic acid dehydrase in crude extracts. This observation 
was tested as follows: the reaction mixture contained 1 ml, 
of cell-free extract added to a water diluent followed by 9 
/imoles of reduced glutathione and within 3 minutes, 12 y^moles 
of PeSO^ In a 3 total volume. The results were the same 
as those shown in Table 3I when MhSO^'HgO was present. 
Table 32 shows a variation of pyruvate formed from 6-PG 
from preparation to preparation. A variation in the activity 
of 6-phosphogluconic acid dehydrogenase was also observed in 
the spectral assay when following the reduction of NAD at 
340 m^ Both of these observations are probably related to 
the age of cells used in the preparation of cell-free extracts 
which varied from 2 days to 2 weeks. 
The pyruvate yield from 6-PG always approached that from 
D-glucose with longer incubation. Further evidence that the 
pyruvate, formed from 6-PG, is derived from operation of the 
HMP pathway comes from similar experiments with R-5-P. The 
pyruvate yield from E-5-P was very close to that from D« 
glucose and probably resulted from the combined action of 
transketolase and D-glyceraldehyde-3-phosphate dehydrogenase. 
There was no enzymatic assay on the P-6-P used in the experi-
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Table 32. Pyruvate formation from various substrates in 
cell-free extracts of B. abortus (3-19) 
Experiment 
number 
Substrate moles pyruvate/10 
>imoles substrate 
1 D-glucose 4.95 
2 6-pg 3.51 
3 f-6-p 3.9 
4 r-5-p 4.7 
The assay mixture was the same as for Table 25. 
ment described in Table 32, so that the actual level of sub­
strate may have been less than the 10 ^ moles used in the other 
experiments. 
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V. DISCUSSION 
The radiorespirometric technique described by Wang (72) 
was utilized to identify the primary pathways of glucose 
catabolism in the brucellae. Representative strains of B. 
abortus, B. melitensis, and B. suis were grown in a complex 
medium to provide a reference for comparison studies. The 
fastidious nature of cultures of B. abortus has been previously 
observed (53)• although defined media have been reported for 
B. melitensis (55) and B. suis (45). The radiorespirometric 
technique was used to an advantage in these ^ studies since the 
data are expressed in terms of radiochemical yields rather 
than specific activities making it unnecessary to correct for 
the dilution of the GOg by endogenous substrates present in 
the complex medium. Data obtained using the radiorespirometric 
technique fit two model systems; 1) operation of the hexose 
monophosphate (HMP) pathway in conjunction with the tricarb­
oxylic acid (TGA) cycle, and 2) concurrent operation of the 
HMP and Entner-Doudoroff (ED) pathways in conjunction with 
the TGA cycle. Only quantitative differences were observed 
among the species or between attenuated and virulent strains 
of B. abortus. The order of G^^Og release was C-l>C-2>C-3>G-4> 
C-6. Similar radiorespirometric patterns have been observed in 
Acetobacter suboxydans (37)> Acetobacter industrium (68), 
Pseudomonas reptillvora (62), Pseudomonas fluoréscens KBl (69), 
and Azotobacter vlnelandli (63). 
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The tricarboxylic acid (TGA) cycle was demonstrated in 
B. abortus (8-19) by using pyruvate and acetate-C^^ as the 
substrates in radiorespirometric experiments. The high levels 
of from all positions of the glucose skeleton suggested 
that a mechanism for oxidizing pyruvate beyond the acetate 
level was present in the brucellae. A preferential release 
of C-1 of pyruvate (P-l) through oxidative decarboxylation was 
observed. The yield of from C-2 of pyruvate (P-2) was 
greater than C-3 (P-3) and C-1 of acetate (A-l) was greater 
than G-2 (A-2). The ratio of Pg/Po, calculated from the yields 
of , was found to be equal to the ratio A^/A^, as would 
be expected from operation of the TGA cycle if acetate (or 
acetyl CoA) is the produce of pyruvate decarboxylation. 
A striking pH effect was observed on the metabolism of 
pyruvate with more than a 5 fold greater yield of G^^02 at pH 
5.5 than at pH 7.4. The same effect was not observed with 
acetate in contrast to the previous results of Gerhardt et al. 
(22) and Meyer and Gameron (46). This difference cannot be 
readily explained except that the oxidation studies were 
conducted with resting cells while the radiorespirometric 
experiments were conducted with proliferating cells in a medium 
optimal for growth of the organisms. 
The relatively low yield of G^^O^ from G-3 compared with 
G-2 and particularly G-l, as depicted in radiorespirometric 
patterns describing the glucose catabolism of the brucellae, 
allows the conclusion that the Embden-Meyerhof-Parnas (EMP) 
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pathway does not play an important role, if any, in the catab-
olism of glucose by the brucellae. The higher yield of C-1 
of the glucose skeleton as compared with either C-4 or 
C-6 reflects the operation of a direct oxidative pathway such 
as the HI4P pathway. The reactions of the HMP pathway and 
distribution of carbon atoms in the reformed F-6-P is shown 
in Figure 21, 
The radiorespirometric patterns of B. suis (1330) varied 
slightly from that of the other species. The yield of 
from C-4 was greater than that of C-3, suggesting that the ED 
pathway may play a greater role in the glucose catabolism; 
however, the radiorespirometric patterns of B. suis in the 
medium salts buffer resemble those of B. abortus (8-19) in 
the medium used for growth of the brucellae. The radio­
respirometric patterns of B. suis are similar to those de­
scribing the glucose catabolism of Acetobacter industrium 
(68) in which glucose is catabolized via the Hl^ip pathway in 
l4 
conjunction with the TCA cycle. The higher yield of C Og 
from C-4 in B. suis may reflect the higher activity of D-
glyceraldehyde-3-phosphate dehydrogenase and the reactions 
leading to pyruvate rather than operation of the ED pathway. 
Also, the nonequivalence of C-3 and C-6 in the radio­
respirometric patterns suggests that the ED pathway is not 
l4 
operative in the brucellae. Large amounts of C 0^ were 
observed from all positions of the glucose skeleton which made 
it difficult to ascertain from the radiorespirometric data 
Figure 21. The hexose monophosphate (HI^IP) pathway and the 
distribution of carbon atoms in the fructose-6-
phosphate formed by operation of the HMP pathway. 
The abbreviations used are as follows: G-6-P, 
glucose-6-phosphate; 6-PG, 6-phosphogluconic 
acid; 3-keto-6-PG, 3-keto-6-phosphogluconic acid; 
R-5-P» ribose-5-phosphate; Ru-5-P. ribulose-5-
phosphate; }[u-5-P, Xylulose-3~phosphate ; S-7~P, 
sed.oheptulose-7-phosphate ; P-6-P, fructose-6-
phosphate; D-GLA-3-P» D-glyceraldehyde-3-phosphate; 
DHA-P, dihydroxyacetone-phosphate; E-4-P, erythrose-
4-phosphate; TK, transketolase; and TA, transaldo-
lase. 
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whether the ED pathway was operative since the interpretation 
l4 is based upon both the rate and total yield of C 0. at a 
time when the substrate has been assimilated from the medium. 
Operation of either the ED or EMP pathways can be deter­
mined from the distribution of in a triose phosphate 
derivative after incubation with D-glucose, The radiorespiro-
metric data eliminated operation of the EMP pathway; therefore, 
the question of whether the ED pathway was operative remained 
to"be resolved. As shown in Figure 22, glucose catabolism 
via the ED pathway results in an unsymmetrical cleavage of 
the glucose skeleton with G-1 and C-4 becoming the carboxyl 
goups of pyruvate. G-2 and C-5 are equivalent as are G-3 
and C-6, being the carboxyl and methyl groups of pyruvate, 
respectively. Pyruvate isolated after incubation with D-
glucose-l-C^^ will be labeled in the carboxyl position if 
the ED pathway is operative. 
The distribution of in pyruvate derived from D-
glucose was examined using arsenite as an inhibitor to block 
pyruvate catabolism. Pyruvate accumulation in the presence 
of arsenite was dependent on the endogenous metabolism of 
the brucellae. Addition of arsenite to cells in which the 
endogenous activity had been reduced by vigorous aeration 
resulted in severe inhibition of substrate utilization. With 
freshly harvested cells, about 1 mole of pyruvate for each 2 
moles of glucose catabolized was found in the culture super­
natant. Degradation of pyruvate, isolated as the phenyl-
Figure 22. The Embden-Meyerhof-Parnas (EMP) and Entner-
Doudoroff (ED) pathways. The abbreviations used 
are as follows: F-l,6-diP, Fructose-1,6-diphos-
phate; KÛPG, 2-keto-3-deoxy-6-pho8phogiuconlc 
acid; and ail others as in Figure 21. 
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hydrazone from culture supernatants, showed only trace amounts 
of radioactivity derived from glucose-1-, -2-, or -3-C^^. The 
ineffective pyruvate block suggested that some other triose 
phosphate derivative ought to be examined. Glycerol and 
lactate are not fermentation products of the brucellae; there­
fore, only alanine remained for consideration. Cells from a 
radiorespirometric experiment were isolated after termination 
of production, subjected to acid hydrolysis, and the 
cellular alanine was Isolated by preparative paper chromato­
graphic techniques. The incorporation from glucose-1- and 
-2-C^^ was too low to allow degradation. The distribution of 
radioactivity in a 3-carbon intermediate of glucose catabolism 
can establish the presence of a primary pathway, as well as 
yield information on the fate of the F-6-P formed from opera­
tion of the HMP pathway as shown in Table 33* 
When products do not accumulate, either in growth or 
resting cell conditions, the task of identifying the primary 
pathways of glucose catabolism becomes more difficult. Exten­
sive studies were conducted with trapping experiments. The 
rationale behind these experiments is as follows; Addition of 
large amounts of cold product to the medium dilutes that de­
rived from the labeled glucose which ordinarily would be quick­
ly transported and utilized by the organism. Pyruvate was 
preferentially utilized in the presence of the glucose-C^^ 
making it unsuitable as a trapping agent. Initially there was 
1 mmole of pyruvate and 0.1 mmole of glucose-C^^ in the incuba-
108 
Table 33» Distribution of glucose-G^^ into triose phosphate 
derivatives 
Glucose-l-cl^ 
(a) via El'iP pathway 
(b) via ED pathway 
Glucose-2-C^^ 
(a) via BMP pathway 
(b) via ED pathway 
(c) via PC followed by 
BMP pathway 
(d) via PC followed by 
ED pathway 
Glucose-3-G^^ 
(a) via EMP pathway 
(b) via ED pathway 
(c) as c above 
(d) as d above 
Glucose-6-C^'^ 
(a) via EMP pathway 
(b) via ED pathway 
% of radioactivity in 
each position 
GH3 C GOOH 
100 0 0 
0 0 100 
0 100 0 
0 100 0 
66 0 33 
33 0 66 
0 0 100 
100 0 0 
0 66 33 
33 66 0 
100 0 0 
100 0 0 
tion mixture. After 6 hours, 0.7-0.8 nunole of pyruvate had 
disappeared compared with 0.04-0.0^ mmole of glucose-C^^. The 
residual pyruvate was isolated and shown to contain only trace 
amounts of radioactivity. 
Although acetate was utilized at a preferential rate, 
]_A. 
enough G remained in the medium derived from the labeled 
glucose to allow isolation and isotopic degradation. The 
residual acetate was isolated by steam distillation, purified 
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by celite chromatography, and degraded. The acetate arising 
from D-glucose-2-C^^ was predominately carboxyl labeled, 
eliminating the heterolactic fermentation mechanism as found 
in Leuconostoc mesenteroides (26,29). The heterolactic fer­
mentation mechanism results in a cleavage of the glucose 
skeleton to yield C-1 as C^^02, with C-2 and C-3 becoming 
the methyl and carbinol groups of ethyl alcohol, respectively. 
C-4, C-5 and C-6 become the skeleton of lactic acid. These 
data helped to eliminate alternate mechanisms of glucose 
catabolism but did not establish whether the ED pathway 
is operative in the brucellae. 
The inability of these organisms to grow using gluconate 
as a carbon source limited the interpretation of the radio-
respirometric data. Gluconate is particularly useful because 
the conversion to 6-phosphogluconate from glucose-6-phosphate 
is an irreversible reaction which precludes the formation of 
hexose from other than the operation of the HMP pathway. The 
end result is that the fate of the fructose-6-phosphate formed 
after one turn of the HMP pathway may be determined. The 
following catabolic sequences are possible: 
Glucose Gluconate 
^  1 ^  . 1  ™  
G—6—P ) 6 —PG V. Pyruvate + D—GLA—3—P 
} . 11 
F-o-P ^  Pentose-phosphate 
11 
P-1,6-diP5=—— DHA-P^T^D-GLA-3-P > Pyruvate 
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The fructose-6-phosphate formed during the operation of 
the HMP pathway may be isomerized to glucose-6-phosphate or 
catabolized in the same manner as the initial substrate, D-
glucose, via the concurrent operation of the EMP and HMP path­
ways. If the EMP pathway is operative and gluconate is the 
carbon source, the fructose-6-phosphate will be phosphorylated 
to P-l,6-diP resulting in from both C-3 and C-4. If 
glucose is converted to 6-phosphogluconate and catabolized 
via the ED pathway, the radiorespirometric patterns depicting 
glucose and gluconate metabolism will be similar; however, 
none of the strains of brucellae that were studied with re­
spect to glucose catabolism could be induced to grow using 
gluconate as a carbon source. 
The ED pathway has been found only in gram-negative 
bacteria, predominantely the genus Pseudomonas, as well as in 
several strains of Arthrobacter (82), Acetobacter (36,73)» 
and Azotobacter (63). Eagen and Wang (1?) have shown that 
when a marine pseudomonad, P. natriegens, was induced to grow 
on gluconate, the enzymes of the ED pathway were induced. 
Fraenkel and Horecker (19) observed similar results in a 
mutant of Salmonella typhimurium deficient in phosphohexose 
isomerase. It appears that gluconokinase and 6-phospho-
gluconic acid dehydrase are induced by gluconate. 
The distribution and incorporation of into pyruvate 
and cellular alanine from D-glucose suggested the absence of 
the EMP and ED pathways and supported the first model derived 
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from the radiorespirometric experiments in which the bulk of 
the glucose catabolism is via the Hi'4P pathway in conjunction 
with the TCA cycle. Securing additional information to support 
the proposed model required documentation of the enzymatic 
activities of the brucellae. 
Several methods of disrupting the cell wall yielded 
preparations with different amounts of activity. Inactive 
preparations resulted from sonication of the cells suspended 
in phosphate buffer. Little oxygen uptake with D-glucose as 
the substrate could be detected unless 0.02 M NaF was present 
in the assay mixture. The activity could be increased by 
sonication in Tris buffer; however, 0.02 M NaF was still 
required for maximal oxygen uptake. These results suggest 
the presence of a cation stimulated ATPase or phosphatase in 
the cell-free extract. The Ribi cell fractionator was not 
satisfactory for these studies because low concentrations of 
cells were required to effect extrusion of the cytoplasm into 
the supernatant. Use of the MSK cell homogenizer proved to 
be a superior method of preparing cell-free extracts. The 
activity of broken cell preparations, supplemented with co-
factors, approached that obtained with freshly harvested whole 
cells with about 30-33^ of the total protein found in the 
soluble fraction of the cell-free extract. 
Cell-free preparations readily oxidized D-glucose, 
glucose-6-phosphate, glucose-l-phosphate, fructose-6-phosphate, 
6-phosphogluconate, ribose-5-phosphate, and D-glyceraldehyde-
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3-phosphate. Fructose-l,6-diphosphate was oxidized very slowly 
as evidence of weak aldolase activity. These preparations 
were inactive with pyruvate and acetate as substrates» The 
cofactors of pyruvate oxidation (FAD, ThPP, lipoic acid, NAD, 
COA) were added with no resultant increase in activity. A 
rapid endogenous reduction of menadione and N-phenazine-
methosulfate was observed, but could not be coupled to pyruvate 
or acetate oxidation. The preparations were still inactive 
upon addition of the particulate fraction. Apparently some 
activity was destroyed because whole cells of B, abortus 
(8-19) utilize pyruvate, and especially acetate, as shown in 
the radiorespirometric studies. 
The enzymes of the EMP pathway were demonstrated except 
for phosphofructokinase. Phosphofructokinase activity appar­
ently was present in cell-free extracts of B. suis (^4). 
Fractose-l,6-diphosphate was one of the hexose phosphates 
isolated after the anaerobic dissimilation of D-glucose and 
D-galactose. Very dense suspensions of B. suis (200 mg./ml.) 
were subjected to sonication by Roessler et a2. (5^) to secure 
the cell-free preparations. The optimal concentration of B, 
abortus (8-19) for disruption in the î'ISK cell homogenizer was 
7.5 mg./ml., as described in this thesis. The phosphofructo­
kinase activity in B, abortus (S-I9) could have been below the 
limit of detection due to the concentration of cells subjected 
to disruption. 
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Aldolase activity was detected by measuring the increase 
in alkali labile phosphorus upon incubation with F-l,6-diP 
plus hydrazine and was found to be 20 fold lower than the 
glucose-6-phosphate dehydrogenase as further evidence that 
the EMP pathway does not play a significant role, if any, in 
the glucose catabolism of the brucellae. The absence of one 
enzyme does not necessarily mean that the entire cycle is 
absent; however, a C^-C^ cleavage could not be demonstrated 
in whole cell studies with glucose-C^^. 
Gluconokinase could not be demonstrated in cell-free 
extracts of glucose grown cells upon incubation with gluconate 
plus ATP. 6-Phosphogluconlc acid dehydrase could not be 
demonstrated by measuring the increase in pyruvate upon 
incubation of the cell-free extract with 6-PG plus arsenite; 
furthermore, little or no oxygen uptake was observed with 6-PG 
as the substrate unless NAD was added to the assay mixture. 
The other enzyme of the ED pathway, 2-keto-3-deoxy-6-phospho-
gluconate (KDPG) aldolase, was demonstrated by measuring the 
pyruvate formed after incubation of the cell-free extract with 
2-keto -3-d.eoxy-6-phosphogluconate. 
Pyruvate was produced from 6-phosphogluconate and ribose-
5-phosphate under aerobic conditions. The same amount of 
pyruvate should be produced from each substrate if 6-phospho-
gluconate is converted to ribose-5-phosphate. Variation in 
the amount of pyruvate formed from 6-phosphogluconate was 
observed from cell-free preparation to preparation but always 
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approached that observed with D-glucose and ribose-5-phosphate. 
Pyruvate can arise from 6-phosphogluconate by either the 
unsymme tri cal cleavage of the ED pathway or operation of the 
pathway. There is probably competition for D-glyceralde-
hyde-3-phosphate between transaldolase and D-glyceraldehyde-3-
phosphate dehydrogenase. Under aerobic conditions, the primary 
products of ribose-5-phosphate catabolism are CO2 and pyruvate; 
whereas 5 under anaerobic conditions the primary product is 
hexose phosphate. Krichevsky and Wood (39) found Microbacter-
i u a lactic Lin ~.o catabolize ribose-5-phosphate to pyruvate by 
a series of reactions involving transketolase, transaldolase, 
phosphofructokinase and the £I^p pathway. Such a mechanism 
is unlikely in B. abortus (S-I9) or the other brucellae since 
phosphofructokinase could not be detected, and aldolase 
activity was very low. 
The purified enzyme, 6-phosphogluconic acid dehydrogenase, 
was not available to obtain a suitable assay of the 6-PG used 
in these experiments. The compound was B grade (Calbiochem) 
suggesting that the purity was less than 100#. The ribose-5-
phosphate was of analytical grade, and the pyruvate yield 
compared quite favorably with that from D-glucose. 
NADH oxidase activity limited the usefulness of spectral 
assays. Several enzymatic activities were demonstrated by 
coupling to the glucose-6-phosphate dehydrogenase activity 
present in the cell-free extracts. Either NADP or NAD could 
serve as cofactor with glucose-6-.phosphate as substrate. The 
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activity of 6-phosphogluconic dehydrogenase assayed by measur­
ing the reduction of NADP at 340 ny* was variable from cell-
free preparation to preparation. A rapid and reproducible 
rate of oxygen uptake was observed with 6-phosphogluconate 
in manometric experiments as evidence that the physiological 
cofactor of 6-phosphogluconic acid dehydrogenase in B. abortus 
(S-I9) is NAD. Phosphohexose isomerase and phosphogluco-
mutase activities were demonstrated by coupling to the glucose-
6-phosphate dehydrogenase assay. 
The enzymes of the HI4P pathway, transaldolase, trans-
ketolase, phosphoriboisomerase, and phosphoketoepimerase were 
demonstrated during the anaerobic dissimilation of ribose-
5-phosphate. The transient appearance of sedoheptulose-7-
phosphate and the accumulation of hexose phosphate is con­
sistent with the operation of the Hi# pathway. 
It is of interest that one enzyme of the EMP pathway, 
phosphofructokinase, and 6-phosphogluconic acid dehydrase, 
an enzyme of the ED pathway, could not be detected in cell-
free extracts of B. abortus (8-19). Due to the absence of a 
major pathway of glucose catabolism that can yield ATP, the 
TCA cycle appears to be the primary source of energy, a con­
clusion that was verified experimentally during studies with 
arsenite-poisoned cells. Addition of O.OO5 M arsenite to 
block pyruvate catabolism, after reduction of the endogenous 
activity, resulted in almost total inhibition of substrate 
utilization. 
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The presence of the H PIP pathway operating as the major 
route of glucose catabolism in conjunction with the TGA cycle 
is unique in microorganisms. This combination has previously 
been restricted to the genus Acetobacter (68). Studies of the 
closely related genus Pasteurella have shovm that the main 
route of glucose oxidation in Pasteurella multocida is by the 
HMP pathway (48); however, the enzymes of the ED pathway have 
been demonstrated in cell-free extracts of Pasteurella pestis 
(49). 
Several compounds metabolically related to intermediates 
of the TCA cycle (L-glutamate, asparagine, L-malate, and 
lactate) have been used as carbon and energy sources in defined 
media (21), The absence of a major pathway of glucose catab­
olism in the brucellae to serve as a source of pyruvate offers 
an explanation why these compounds support a greater rate of 
respiration than does glucose. The brucellae can effectively 
use the carbon skeleton of these compounds to produce energy 
or furnish intermediates for biosynthesis, whereas, part of 
the carbon skeleton of glucose is lost by operation of the 
HMP pathway as CO2, without the concomitant production of 
energy. 
The absence of a major pathway, which provides a source 
of pyruvate, accounts for end products not accumulating during 
growth of the brucellae or in resting-cell experiments since 
these products are derived from pyruvate. The absence of 
volatile acids during growth of the brucellae with glucose as 
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the carbon source has been observed, and CO2 was determined 
to be the major end product (57)- Sanders and Huddleson (57) 
concluded that the 3 species differed only in their rate of 
glucose catabolism. 
The HiyiP pathway is usually thought of as a source of 
NADPH for biosynthesis while the TGA cycle and the other major 
pathways (EMP and ED pathways) furnish NADH that is rapidly 
oxidized by molecular oxygen with the formation of high 
energy phosphate. Prom spectral assays, it was concluded 
that either NAD or NADP can serve as the cofactor for glucose-
6-phosphate dehydrogenase present in cell-free extracts of 
B. abortus (8-19), which seems to be characteristic of this 
enzyme from bacterial sources; whereas, that from animal and 
plant sources is specific for NADP (10). The cofactor of 
6-phosphogluconic acid dehydrogenase appeared to be NAD, as 
determined from data obtained using manometric techniques. A 
transhydrogenase did not appear to be present in the soluble 
fraction of the cell-free extract, although this aspect was 
not carefully studied. No activity above that of the endogen­
ous was observed in the assay of D-glyceraldehyde-3-phosphate 
dehydrogenase with NADP as the cofactor. If a transhydro­
genase was present to explain the fact that either pyridine 
nucleotide could serve as the cofactor for g],ucose-6-phosphate 
dehydrogenase, the same result should have been observed in the 
assay of D-glyceraldehyde-3-phosphate dehydrogenase. 
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The studies with cell-free extracts support the conclu­
sion, drawn from radiorespirometric experiments and the degra­
dation of pyruvate and cellular alanine derived from glucose-
that the bulk of the glucose catabolism in the brucellae 
is via the HMP pathway in conjunction with the TGA. cycle. 
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VI. SUMMARY 
A combination of radiorespirometric data, incorporation 
into pyruvate and cellular alanine, and cell-free studies 
showed the bulk of the glucose catabolism in the brucellae 
is via the hexose monophosphate (HMP) pathway in conjunction 
with the tricarboxylic acid (TCA) cycle. 
The radiorespirometric data fit two model systems: 1) 
operation of the HMP pathway in conjunction with the TCA 
cycle; and 2) concurrent operation of the HMP pathway and 
the Entner-Doudoroff (ED) pathway in conjunction with the 
TCA cycle. Only quantitative differences existed between 
the different species or between attenuated and virulent 
strains of B. abortus. 
The presence of the TCA cycle was demonstrated using 
pyruvate and acetate specifically labeled with C^^. A pref­
erential oxidation of C-1 of pyruvate (P-1) was observed. The 
magnitude of release from C-2 of pyruvate (P-2) was 
greater than C-3 (P-3).""and G-1 of acetate (A-1) was greater 
than C-2 (A-2). The ratio Pg/Po was found to equal A^/Ag 
which showed that these positions are equivalent as would be 
expected from operation of the TCA cycle. 
Only trace amounts of radioactivity were Incorporated 
into pyruvate and cellular alanine from D-glucose-1-,-2-, and 
-3-C^^. Degradation results of pyruvate and alanine failed to 
establish the presence of a primary pathway, but did show the 
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absence of a C^-C^ cleavage as would be expected from either 
the Embden-Meyerhof-Parnas (EFJP) or ED pathway. 
Glucose catabolism does not yield acetate during growth 
or in resting cell suspensions of B. abortus (8-19). Large 
quantities of "cold" acetate were added to the culture super­
natant of B. abortus (8-19) to dilute any acetate that was 
excreted into the medium. The acetate that was isolated from 
the culture supernatants after incubation with D-glucose-2-
was predominantly labeled in the carboxyl position. These 
data eliminate the heterolactic fermentation mechanism as 
found in Leuconostoc mesenteroldes. 
Several methods of cell disruption (sonic radiation, the 
Ribi cell fractionator, and the Bronwill (MSK) cell homogeniz-
er) were compared and found to yield preparations with varying 
amounts of enzymatic activity. Use of the MSK cell homogenizer 
proved to be a superior method in preparation of cell-free 
extracts. 
Cell-free extracts readily oxidized D-glucose, glucose-6-
phosphate, glucose-l-phosphate, fructose-6-phosphate, 6-
phosphogluconate, ribose-5-Phosphate and D-glyceraldehyde-3-
phosphate, Fructose-1,6-diphosphate was oxidized very slowly. 
The presence of a NADP or NAD linked glucose-6-phosphate 
dehydrogenase was demonstrated. Phosphohexose isomerase and 
phosphoglucomutase were demonstrated by using coupled enzyme 
assays. 6-Phosphogluconic acid dehydrogenase activity was 
considerably lower with NADP as the cofactor; however, data 
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obtained using manometric techniques suggested that the physio­
logical cofactor was NAD. The enzymes of the EMP pathway were 
demonstrated except for phosphofructokinase. Only weak aldo­
lase activity was detected. The D-glyceraldehyde-3-phosphate 
dehydrogenase was specific for NAD and was stimulated by 
arsenate. Triose phosphate isomerase was also detected. The 
transient appearance of sedoheptulose-7-phosphate and accumu­
lation of hexose phosphate during the anaerobic dissimila­
tion of ribose-5-phosphate showed the presence of transaldo-
lase, transketolase, phosphoriboisomerase, and phosphoketo-
epimerase. é-Phosphogluconic acid dehydrase ~wras not detected; 
however, KDPG aldolase was detected in cell-free extracts. 
Pyruvate was produced from 6-phosphogluconate and ribose-
5-phosphate under aerobic conditions as evidence that ribose-
5-phosphate is the major product of 6-phosphogluconate catab-
olism. 
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